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Abstract
Fire in the tropical savannas of northern Australia is frequent and extensive, management is a
continuous and iterative process. The remote sensed mapping of fire and its effects can be
returned to managers quickly and cost effectively. The post-fire measure of the affect of fire
on vegetation is defined here as fire severity.

This study developed a method of calibrating remotely sensed imagery for mapping fire
severity. It coupled helicopter-based spectra and comprehensive ground measurements. Data
were modelled against a fire severity index, the metrics of which were previously developed
in collaboration with land managers.

The differenced normalised burn ratio (∆NBR) was determined to be the best of a candidate
set of models to separate severe from not-severe fire effects. Other models were assessed to
discriminate low from moderate fire severity, the most parsimonious model used the
shortwave infrared band at 1640 nm.

The reflectance models were applied to a time series of images from the MODIS sensor for
the fire season of 2009 and assessed against validation data. Image differences were within 5
to 6 days, as a pre-determined window of algorithm applicability. Overall accuracy
discriminating severe from not-severe fires was 94%. Discrimination within the not-severe
category was only 60% due mostly to image availability in MODIS channel 6 and the
coarseness of validation data.

As an outcome a fire severity mapping product, initially discriminating severe from notsevere fires, will be made available through the North Australian Fire Information mapping
iv
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system to enhance its utility. Fire severity mapping will improve the ability of land managers
to monitor the effects of fires and undertake strategic fire management planning. It will
provide conservation land managers with greater parametric detail to more effectively assess
fire effects on ecological communities, and it will improve the precision of greenhouse gas
emissions calculations.
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1.0 Thesis Aim
The aim of this thesis is to develop algorithms for creating fire severity map products suitable
for use by land managers in the tropical savannas of the north Australian region. Ultimately the
algorithms will be integrated with existing remote sensing based fire information to enhance
fire and conservation management planning and greenhouse gas emissions calculations.
1.1 Thesis Structure
Chapter 1 provides background information on the north Australian tropical savannas, its
unique relationship with fire, its fire history and the requirement for fire severity mapping for
land management purposes will be described. Fire nomenclature, fire regime components and
the fire continuum will be discussed. A brief background to remote sensing with respect to
the physics behind mapping and classifying terrestrial phenomena is provided. Current
remote sensing technologies are outlined and their application to burnt area mapping, the
precursor to fire severity mapping, described. I will provide descriptions of the approaches
previously undertaken to map fire and fire severity through the application of remote sensing.
I will provide justification for the methods in this study, and the need for automation in a
highly fire prone environment.

In Chapter 2, previous fire severity mapping methodologies will be reviewed, providing a
background for, and a description of, the new and unique method developed in this study.
Also in this chapter will be descriptions of the study sites and data collected, to be used in
subsequent analyses to develop models for mapping fire severity from satellite imagery.
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In Chapter 3, analyses of the field data will be undertaken. Initially, the field site data and
field spectra, collected by a hand held spectrometer in a helicopter, will be assessed to
determine the ground components most significantly influencing the reflectance spectra
within the categories of fire severity. Detailed statistical analyses are presented to
demonstrate the applicability of the sampled data to multi-sensor adaptation.

In Chapter 4 the problem of a temporal threshold for post-fire image acquisition is examined
in relation to changes in albedo due to leaf-scorch, and the influence of the subsequent leaffall and vegetative re-flushing over a relatively short time. The methods and analyses
undertaken to determine the optimal window of applicability are described, and a mean postfire image acquisition period is characterised.

In Chapter 5 the models developed from the analysis of the helicopter sampled data, are applied
to a time series of MODIS (Moderate Resolution Imaging Spectroradiometer) imagery for a
subset within the tropical savannas. The accuracy of the classifications is assessed against an
independent point-line validation transect.

Finally in Chapter 6, I conclude with a discussion of the advantages and disadvantages of the
methods and results presented, and the appropriateness and availability of various satellite
sensors. I suggest possible improvements to the methodology that have become apparent
during the analyses and propose future research to continue the development of the fire
severity models and to improve the accuracy of the fire severity map classifications.
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1.2 Introduction
Australia‟s tropical savannas cover 1.9 million km2 with only 0.4 people/km2. This biome is
one of the most fire prone on earth (Williams et al. 2002) experiencing frequent and
extensive fires (Yates et al. 2008). Land use in north Australia‟s tropical savannas occurs
predominantly on large grazing, conservation, and indigenous multi land-use properties.
Modern management of such a vast area uses sophisticated and calibrated remote sensing
products (Strand et al. 2007) to characterise fire regime components. The managers of these
estates rely heavily on spatial technology (Dyer et al. 2001). Spatial tools such as the North
Australian Fire Information (NAFI) website (http://www.firenorth.org.au) provide near-realtime mapping of active fires and the extent and seasonality of fire affected areas. Such tools
provide land managers with detailed data to assist with monitoring, analysis and strategic
planning, however, there is no such tool yet describing fire severity. Fire severity mapping
will provide fire managers with a strategic tool for mitigation: through intra-seasonal analysis
of the efficacy of prescribed burning operations and; for inter-seasonal analysis and planning
(Figure 1.1). It will provide improved information for conservation assessment, greenhouse
gas (GHG) emissions calculations, and carbon accounting; and will greatly advance the
knowledge of, and assist in understanding the effects of, the many and various management
practices across this vast, relatively uninhabited, biologically significant, highly fire-prone
biome in the north of Australia.
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Figure 1.1. Spatial data analysis is crucial to modern fire management in northern Australia.
Fire Severity is integrated within burnt area mapping to enhance fire seasonality. It improves
information pertaining to the effect of fire for fire planning, analysis and monitoring, and the
accuracy of burning efficiency factors for emissions calculations.
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1.3 Tropical savannas
A savanna is a defined as an ecosystem characterised by a continuous ground layer of forbs,
shrubs and grasses and; a discontinuous canopy of woody species (Mott and Andrew 1985;
Werner et al. 1991). Tropical savannas cover 12% of the Earth‟s terrestrial surface (Figure
1.2). Tropical savannas are associated with a strongly seasonal climate, are the most heavily
grazed biome, and globally constitute a substantial source of pyrogenic GHG emissions
(Williams et al. 2005). Technically the term savanna refers to ecosystems featuring the
coexistence of both woody and grass species (Scholes and Archer 1997), although a wide
range of terms have been used and its strict definition is problematic (House and Hall 2001).

Figure 1.2: The global extent of tropical savannas.
http://www.blueplanetbiomes.org/savanna.htm (Accessed 1 October 2010)
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1.4 Tropical savannas in northern Australia
The tropical savannas of northern Australia are defined in extent by the Interim
Biogeographic Regionalisation of Australia (IBRA), and cover approximately 25% of the
continent (Environment Australia 2000)(Environment Australia 2000)(Environment Australia
2000)(Environment Australia 2000) (Figure 1.3).

Figure 1.3: The extent of the tropical savannas in northern Australia.
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The Tropical Savannas Cooperative Research Centre (TSCRC) also defined the term and
their definition will be used in this thesis, referring to open woodland, woodland and open
forest savannas as ecosystems with a mixture of annual and perennial C4 grasses in the
understorey with an overstorey dominated by Eucalyptus and Corymbia
( http://www.savanna.org.au/ Accessed 1-10- 2010).
Tropic of Capricorn

The global distribution of savannas is characterised by seasonal rainfall and available water
(Werner et al. 1991). For the Australian savannas, the summer monsoon drives an extreme
wet-dry rainfall seasonality (Figure 1.4), however, extra-monsoonal rainfall events,
particularly at lower annual rainfall, drive many ecologically significant events (e.g. growth,
phenological triggers) (Cook and Heerdegen 2001).
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Figure 1.4: Average monthly rainfall (mm) for Darwin (~100 years), NT, Australia.
(Source: Bureau of Meteorology, Commonwealth of Australia).
Inter-annual seasonal boundaries vary, seasonal labeling is approximate.

Official boundaries: Dry season, 1 May-30 September; Wet Season, 1 October -30 April.
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The dry season lasts from April to October and is highly fire prone. The dry season
transitions from a period where fire is relatively low intensity and very manageable, in the
early dry season (EDS), to a period where fires are more intense and much less manageable,
referred to as the late dry season (LDS). The transition occurs annually but the timing varies
between years and dictates the management for that season. Vegetation structure consists of a
continuous understorey of fast growing and flammable forbs, grasses and shrubs. It is
maintained as a savanna due to these climatic, pyrogenic and edaphic conditions. During the
fire season (April to October), the understorey progressively cures, increasing flammability.
Mid and upper storey species, a near even mixture of evergreen, brevi-deciduous, semideciduous and deciduous species (Williams et al. 1996), provide between 50-80% of the fine
fuel accumulation through leaf fall (Cook 2003). Planned, prescribed or hazard reduction
burning takes place in the early months (May to July), referred to as the Early Dry Season
(EDS) whilst fuel and soil moisture are still high enough to control fires, and minimise fire
intensity and severity. The Mid Dry Season (MDS) fires, July/August, are generally of higher
intensity but may still be controllable (Russell-Smith et al. 2007). By the Late Dry Season
(LDS) September/October/November there have been many months without rainfall and fuel
curing is complete. LDS fires are referred to as wildfires, they are generally uncontrollable or
very costly to control if resources are available.

Fire is a key determinant of savanna vegetation structure and function (Scholes and Archer
1997). Although the north Australian tropical savannas are relatively high in rainfall, the
ancient and infertile soils, seasonality of precipitation and disturbance from fire, affect the
balance of grassland, shrubland, woodland and forest in favour of savanna woodland (Werner
et al. 1991). Open forest savanna (30-70% foliage projective cover (FPC)) covers
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approximately 15% of the region (Figure 1.5). Open forest savanna is dominant on the Queue
Land System, characterised by gently undulating sandplains with a mid, high to tall, open
forest of Eucalyptus spp. (E. tetrodonta, E. miniata, and E. bleeseri) (Lynch and Wilson
1998a) and Cypress Pine (Callitris intratropica) (Edwards and Russell-Smith 2009).

Woodland (FPC: 12-30%) and open woodland savanna (FPC: 1-12%) habitats, are extensive
across the northern half of the Northern Territory (Woinarski et al. 2002) and the whole of
northern Australia (Fox et al. 2001). They represent the majority of habitat in the tropical
savannas, covering 51.9% and 21.6% respectively (Figure 1.5). The characteristic north
Australian tropical savanna woodland habitat is dominated by Eucalyptus trees, most
specifically E. tetrodonta (Stringybark) and E. miniata (Darwin Woollybutt) (Fox et al.
2001). The understorey is dominated by annual grasses and forbs with high growth rates. The
understorey grows rapidly during the wet season even if affected by fire in the previous dry
season. Dry season temperatures remain high, rainfall is negligible and humidity falls
markedly. Thus the understorey cures significantly. Coupled with woody species litter fall,
the annual amount of fuel accumulation is extensive (Mott and Andrew 1985). These
circumstances generate fire regimes with high average frequencies (Williams et al. 2002).
However heterogeneity of fire severity (Russell-Smith and Yates 2007), can create a wide
diversity of vegetation structure and floristics.
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Closed forest, shrubland and grassland communities are each representative of a much
smaller percentage of the tropical savanna matrix yet require consideration in operational
activities due to their ecological importance. The areas of closed forest (representing 0.6%)

Figure 1.5: The main vegetation structure classes and isohyets of rainfall across the
tropical savannas of northern Australia (After Fox et al., 2001).

are riparian margins, rainforest patches generally in isolated fire refugia, and coastal and
riverine mangrove systems (Brocklehurst et al. 2001; Meakin et al. 2001). The closed canopy
makes these habitats very difficult for fire mapping unless fire severity is very high or
extreme. Although Shrublands, Tussock Grasslands and Hummock Grasslands are extensive
(Figure 1.5) fire effect is usually severe with complete combustion. Shrublands represent
0.8% of the savanna landscape (Fox et al. 2001). The vegetation is less than 2 m high. If
affected by fire it is usually an extreme event due to the relatively slow nature of fuel
accumulation and the volatile nature of the dominant perennial grasses, Triodia spp., and
other woody myrtaceous species (Russell-Smith 2006). Heath shrublands are typically found
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in xeric conditions on skeletal soils, contain a large majority of endemic rare and endangered
plant species, and require careful management (Crowley 1995; Blake 2004; Russell-Smith
2006; Edwards and Russell-Smith 2009). Hummock Grasslands are dominated by Spinifex
(Triodia spp.), whilst Tussock Grasslands are represented by Mitchell Grasses (Astrebla spp.)
in the extensive Mitchell Grasslands of the Northern Territory and Queensland, and by
Dicanthium spp., Chrysopogon spp. and Sorghum spp. elsewhere (Environment & Heritage
2006).
1.5 Fire in the tropical savannas
Fire affects over 340,000 km2 of Australia‟s relatively intact northern tropical savanna
woodlands on average every year (Figure 1.6). By far the greater proportion is affected by

Figure 1.6 Fire frequency calculated from annual fire mapping derived from NOAA AVHRR
satellite imagery for the Australian continent from 1997 to 2007 (Western Australian Department
of Land Information). The higher frequencies of fire all occur within the tropical savanna biome
of northern Australia.
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large uncontrolled wild fires (Russell-Smith and Yates 2007; Yates et al. 2008). The north of
Australia is largely inaccessible and more so during the wet season, human infrastructure is
meagre, ground sampling is difficult and mostly limited to existing areas buffering human
infrastructure. Remote sensing technologies are vital in the provision of landscape-wide data
collection of near-real-time active fires and the extent of burnt areas. This information is
crucial to land managers for monitoring, assessment and planning.

North Australian landscapes have been severely eroded by monsoonal and cyclonic forces
(Dunlop and Webb 1991) and subjected to a dry climate since the last ice age, approximately
15 million years. Dunlop and Webb (1991) report that eucalypt savanna was dominant well
before the arrival of Aboriginal settlers some 40-50,000 years before present, and their role
through fire has been to ameliorate its impact on vegetation. The management practices of
Aboriginal people have created a vegetation dominated by plant communities such as
Eucalyptus and Acacia spp., ensuring regeneration by their combustibility, eliminating
competition from other taxa, preparing a suitable seed bank, and opening up the canopy
(Mutch 1970). Aboriginal settlers to the extremely ancient, Proterozoic or older, soils of
northern Australia spread across the continent and with them they took their landscape
management tool, fire. Fire is a primary determinant of savanna ecosystems, second only to
water availability (Dunlop and Webb 1991). Literature of the past few decades, describes
Aboriginal fire management in Arnhem Land in the Northern Territory, where it is suggested
the traditional culture has been one of the least impacted upon by European contact (Garde et
al. 2009). Many authors describe a complicated and skilful use of fire for natural resource
and cultural management (Haynes 1982; Haynes 1985; Jones 1969; Russell-Smith 1985;
Russell-Smith 1997; Yibarbuk 1998; Yibarbuk et al. 2001; Yunupingu 1994).
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Garde et al. (2009) provide detailed accounts of fire management interwoven with
proscription for many aspects of ritual, land and natural resource management. Contemporary
society and technology is very different. Land managers now use motor vehicles and
helicopters to access remote fuels and cover large areas with incendiaries. They can assess
their efforts on-line with satellite derived data to minimise total fire impact by integrating fire
mapping with fire planning and adjusting fire placement to create a desired fire regime. The
integration of information, taking skills from two “toolboxes”, of Aboriginal traditional
knowledge and modern science must occur to improve conservation land management in
northern Australia (Russell-Smith et al. 2003a). Crucial to conservation management is the
knowledge of fire effects at landscape scales. Biodiversity conservation and carbon
accounting are key motives for the future planning of tropical savanna fire management.

It is estimated that global carbon emissions caused by wildland fire range from 1,410 to
3,140 TgC/yr for the past 40 years (Schultz et al. 2008a; Schultz et al. 2008b). The tropical
savannas are the largest single source of GHG and particulate emissions in Australia (Meyer
et al. 2008) emitting 2% of Australia‟s annual accountable GHG emissions in 2005. Savanna
burning accounted for 39% of the Northern Territory‟s accountable emissions from 19902005 (Tropical Savannas 2004). The fire prone savannas in northern Australia have already
attracted the attention of polluters interested in offsetting their GHG emissions (Williams et
al. 2005). GHG emissions abatement is achieved in savanna ecosystems by introducing fire
management practices that reduce the amount of biomass consumed by fire. Emissions
savings can be considered a new and tradeable commodity (Russell-Smith et al. 2006) in
Australia.

14

1. Introduction

The calculation of GHG emissions relies upon knowledge of the combustion completeness
within a habitat for each fuel type (fine fuels, coarse woody debris, heavy fuels, shrub fuels,
tree fuels). Metrics describing fire severity are equivalent to the proportion of each fuel type
consumed. The burning efficiency is currently an empirically-derived constant describing the
proportion of fuel consumed relative to the fuel type, habitat and seasonality, where
seasonality is a surrogate for fire severity, sensu (Russell-Smith et al. 2009). It is therefore
likely that emissions calculations will be significantly improved by including an areal
component to the fire severity information as a more accurate improvement to the seasonal
constant for each broad habitat. In current fuel accumulation modelling, a fire event re-sets
the fuel to zero. Fire severity mapping will also describe the proportion of each fuel type not
consumed, providing valuable additional detail in the fuel accumulation calculations
(Tropical Savannas 2004).

Fire Intensity Fire Severity……………………..
Burn Severity………………………..………………………..
time

Ignition

Fire

Post-fire
Recovery……..……………………………….

Figure 1.7 The fire continuum. Time moves forward from left to right. The illustrations below the time
line represent the fire: 1. the Ignition; 2. the Fire Event; and 3. the Post-fire Recovery. The boxes
above the line represent the fire terminology with respect to time: 1. as the fire is in progress, the Fire
Intensity; 2. post-fire, the effect of the fire is measurable, the Fire Severity; and 3. Burn Severity:
measures and descriptions of the time and processes to reach a “recovery” state.

15

1. Introduction

1.6 Fire regimes and fire terminology
To provide a context for this study, fire severity will be defined as a specific temporal
component of a fire event measuring post-fire effects (Figure 1.7). That is, an independent
and directly measurable variable defining the effect of an individual fire with impacts
occurring immediately after the event. There are regular attempts to define and refine the
terminology for the occurrence and effect of fire on vegetation (Keeley 2009). A clear
definition, to be adopted throughout this thesis, is given by Lentile et al.( 2006), whereby the
interaction between fire and biomass is seen as occurring along a temporal continuum (Figure
1.7).

Following Keeley (2009) fire severity describes the direct impact of the fire and the post-fire
effects on the combustible material. It differs from fire intensity, which is a physical property
of the fire itself – the rate of energy release per unit length of fire front. Although there are
many useful measures of these effects, the purpose of the description of fire severity for this
study is to inform land managers of the impacts of fire on savanna vegetation. Therefore, predefined, readily observable metrics must be used. Fire severity can be quantified both
horizontally (spatially) and vertically within the canopy (structural impacts). The horizontal
or spatial component reflects fire patchiness while the vertical component reflects the degree
of charring and scorching of photosynthetic and non-photosynthetic plant material in the
different strata (Figure 1.8).
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A schematic model and descriptions of fire severity categories illustrating the salient physical
effects is given (Figure 1.8), adapted from a field guide for land managers, developed as a
component of this study (Edwards 2009).

(a)

(b)

(c)

(d)

(e)

Figure 1.8 Simplified illustrations and photos of fire severity categories: (a)
PATCHY, small trees and shrubs scorched to 2m, < 80% burnt ground layer
patchiness; (b) LOW, small trees and shrubs scorched to 2m, > 80% burnt ground
layer patchiness; (c) MODERATE, scorched leaves through the mid-storey (> 2
and < 8 m) perhaps into the lower parts of the upper canopy; (d) HIGH, complete
canopy scorch and; (e) EXTREME, all foliage removed or charred.
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1.7 Remote sensing and fire
Remote sensing is the science and technique of detection and classification of phenomena at a
distance. It is the study of the interaction between electromagnetic radiation and physical
objects. The reflection or emission of energy is detected by a sensor in portions of the EM
spectrum which interact variously with objects on the Earth‟s surface and with the
atmosphere (Horvath 1993). A peak energy level from the sun occurs in the visible part of the
spectrum (Serway et al. 1989) and reduces with increasing wavelength across the optical
portion of the EM spectrum (~0.45 to 15 µm). Ground phenomena absorb, transmit and
reflect EM radiation incident to the earth from solar radiation. This interaction is based on the
physical characteristics of each object, from a molecular level upward, potentially providing a
means of identification and classification (Blaschke 2010; Lu and Weng 2007; Wilkinson
2005).

A limitation to satellite-borne sensors is the molecular absorption and aerosol scattering of
EM energy passing through the atmosphere at particular wavelengths (Line 3, Figure 1.9).
Smoke aerosols also have a marked effect on EM absorption and scattering (Charlson 1969;
Horvath 1993), an issue of particular significance for satellite remote sensing in fire affected
tropical savanna environments (Pereira 2003). Pereira (2003) illustrated that in the visible
domain (~0.45 to 0.85 µm) only 10 to 50% of irradiant energy was transmitted back to a
sensor, slightly more in the near infra-red (NIR), and from 60 to > 80% in the short wave
infrared (SWIR, (~1.55 to 2.3 µm). The range of readily and freely available satellite imagery
is limited (Table 1.1) and the requirement for NIR/SWIR data further limits appropriate
satellite sensor data, a requirement for timely remotely sensed fire affected areas assessment.

18

1. Introduction

Satellite based remote sensing research for natural resource management and environmental
monitoring has increased exponentially in the last decade and has been applied across a range
of environmental disciplines (Ustin et al. 2004). Ustin (2004) states that remote sensing is
advancing beyond correlative studies and into a fundamental understanding of the interaction
between physical variables and electromagnetic radiation. Satellite based detectors measure
discrete ranges of wavelengths, sensed in spectral bands (Table 1.1). Reflectance varies for
each band based on the components, and the proportions, of the surface cover (Small 2004).
Multi-temporally reflectance can detect change, indicating, for instance, phenological cycles
(Ganguly et al. 2010), and categories of change due to disturbance (Eva and Lambin 2000;
Matricardi et al. 2010). This can be perturbed multi-directionally by anisotropy (Trigg et al.
2005), however models exist to correct it (Ni and Li 2000; Qi et al. 1995; Roy et al. 2005).

19

1. Introduction

Table 1.1. The characteristics of satellite sensors available for fire mapping in northern
Australia. Only sensors at landscape scales with sun-synchronous orbits are included. All
costs in $Australian as of April 2009. NB: NIR = near infrared (0.75-1.4 μm); SWIR =
short wave infrared (1.4-3 μm); TIR = thermal infrared (3-15 μm).
Sensor

Swath

Return

Pixel size

Wavelengths

Cost ($AU)

Advanced Very High Resolution Radiometer on board the NOAA satellites 15, 16, 17, 18, 19

AVHRR

2399 km

~1 day

1. Red, 2. NIR
3A. SWIR (1.58-1.64 μm);
3B. SWIR (3.55-3.93 μm)
4. TIR (10.3-11.3 μm)
5. TIR (11.5-12.5 μm)

1.1 km

Free

Moderate Resolution Imaging Spectrometer on Terra and Aqua
250 m
500 m
MODIS

2330 km

~1 day
1,000 m

1. Red, 2. NIR
3. Blue, 4. Green,
5.SWIR(1.23-1.25 µm),
6. SWIR (1.628-1.652 µm),
7. SWIR (2.105-2.155 µm)
36 bands
(http://modis.gsfc.nasa.gov/about/
specifications.php)

Free

Thematic Mapper on Landsat 5 and Enhanced Thematic Mapper on Landsat 7

TM and ETM+

185 km

16 days

30 m

1. Blue, 2. Green, 3. Red, 4. NIR,
5. SWIR (1.55-1.75 µm),
7. SWIR (2.08-2.35 μm)

60m

6. Thermal IR

15m

8. Panchromatic (VISNIR)

Archive:
FREE
Program
request:
Full scene
$1100

Advanced Visible and Near Infrared Radiometer type 2 on the Advanced Land Observation Satellite
AVNIR2

70 km

46 days

10 m

1. Blue, 2. Green, 3. Red, 4. NIR

$330

Advanced Space-borne Thermal Emission and Reflection Radiometer on board the Terra satellite
15 m
30 m
ASTER

60 km

16 days
90 m

1. Green, 2. Red, 3. NIR
All SWIR bands unavailable since
April 2008
10. TIR (8.125-8.475 μm),
11. TIR (8.475-8.825 μm),
12. TIR (8.925-9.275 μm)
13. TIR (10.25-10.95 µm),
14. TIR (10.95-11.65 µm)

Archived:
$145
General
Program
Request:
$580 (day)
$435 (night)

Advanced Wide Field Sensor on board Resourcesat-1
AWiFS

740 km

5 days

2. Green; 3. Red; 4. NIR;
5. SWIR (1.55-1.70 µm)

56 m

$550

VEGETATION on board SPOT4 (Satellite Pour l’Observation de la Terre)
VEGETATION

2250 km

1 day

2. Green; 3. Red; 4. NIR;
5. SWIR (1.55-1.70 µm)

1.1 km
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Ratios and other indices of spectral bands have been developed to characterise landscape
features based on comparing the various physical interactions between the different bands of
light and individual objects (Libonati et al. 2010; Muñoz et al. 2010; Oldeland et al. 2010;
Tuanmu et al. 2010; Veraverbeke et al. 2010). The most widely employed phenomenon in
land cover remote sensing uses the properties of healthy photosynthetic vegetation (PV) to
more greatly absorb and reflect, red and NIR light, respectively, than less healthy PV. The
ratio of the red and NIR reflectance is referred to as the simple ratio (Tucker 1979). Many
variations have been derived for many habitats and situations (Gianelle et al. 2009;
Guerschman et al. 2009; Houborg et al. 2007; Shi et al. 2008; Stow et al. 1998), the most
common being the normalised difference vegetation index (NDVI). Further modifications
have been made and assessed to account for such properties as soil background (Huete 1988)
and atmospheric and directional effects (Rondeaux et al. 1996). There is substantial empirical
and modelled evidence that these indices are related to several vegetation parameters.

The MODIS suite of standard products are classed into “Ocean”, “Atmosphere”, and “Land”.
In “Land” alone there are 11 main product groups (surface reflectance, snow cover/sea ice,
land surface temperature, land cover/dynamics, vegetation indices, thermal anomalies/fire,
LAI/fPAR, gross primary productivity, bidirectional reflectance distribution function
(BRDF)/albedo, vegetation cover conversion, burned area) each of which has an additional
suite of products. The details of these research efforts have been coordinated into the
Algorithm Theoretical Based Documents (found at: www.modis.gsfc.nasa.gov/data/atbd) and
provide references for the history of the development of these algorithms. Fundamental
ecosystem measurements such as LAI (Leaf Area Index) and fPAR (fraction of
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photosynthetically active radiation), are used to derive Gross Primary Productivity (GPP) and
these MODIS derived products have been recently used to estimate spatial and temporal
patterns of GPP and carbon exchange across tropical savannas (Kanniah et al. 2010b).
(Knyazikhin et al. 1998a; Knyazikhin et al. 1998b).

The Thematic Mapper (TM) sensor was launched in 1982 on-board Landsat 4
(http://landsat.gsfc.nasa.gov/about/L4_td.html). NASA state it was the first readily available
satellite-borne sensor to offer spatial coverage into the short wave infra-red (SWIR). The
availability of moderate resolution SWIR in subsequent Thematic Mapper (TM) sensors on
Landsat was the advent for another significant index, the normalised burn ratio (NBR):
NBR = (NIR1 - SWIR2)/(NIR1 + SWIR2)

[3.1]

where NIR1 = the sensor band in the first NIR atmospheric window, 750 to 900 nm, and
SWIR2 = the sensor band in the second SWIR atmospheric window, 2090 to 2350 nm. The
NBR not only uses the physical attribute of PV to highly reflect NIR light. It also utilises the
strong absorption of PV in the SWIR which is weak in soil or NPV (Nagler et al. 2003). The
pre- to post-fire change in NBR therefore potentially describes both the consumption of PV
on the ground and in the upper canopy. The NBR would appear to provide the solution to fire
severity mapping. However, it has been found to have substantial limitations, particularly as
canopy cover increases, therefore its application will be assessed and discussed in detail in
Chapter 4.
1.8 Fire mapping
In terms of remote sensing, the effect of fire on a landscape is immediate via vegetation
removal, scorching and profound shifts in surface reflectance and absorbance. Fire may also
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stimulate rapid shifts in phenology (Ganguly et al. 2010). There are atmospheric processes
that affect remote sensing of landscapes, such as aerosol density, cloud cover or cloud
shadow. Processes that physically alter structure such as storm damage, land clearing or
flood, and longer term impacts such as grazing. Burnt area detection error, through confusion
with these other sources of change, can be reduced, by more frequent image acquisition for
the longer term effects and, through combinations of spectral and spatial masking (Chuvieco
1994; Hilker et al. 2009; Martins et al. 2000; Oldeland et al. 2010; Selkowitz 2010). The
mapping of this change can be undertaken for a single image contextually, through
comparison with the surrounding landscape (Edwards et al. 1999a; Van Wilgen et al. 2000),
or with a time series by comparison with the same point from a previous image, referred to as
change detection (Dubinin et al. 2010; Edwards and Russell-Smith 2009; Fisher et al. 2003;
Loboda et al. 2007; Röder et al. 2008; Yates and Russell-Smith 2003; Zhang et al. 2001).
Change detection provides a greater possibility of automation, for image processing and
analysis (Fernández et al. 1997; Maier 2010; Roy et al. 2005).

Globally, burnt area mapping is an important ecological and management tool. It is done at
multiple scales in multiple habitats and is used for multiple purposes (Dubinin et al. 2010;
French et al. 2008; Fule et al. 2003; Hudak and Brockett 2004; Karau and Keane 2010;
Keane et al. 2001; Mitri and Gitas 2002; Röder et al. 2008; Rogan and Franklin 2001;
Roldan-Zamarron et al. 2006; Sa et al. 2003; Stroppiana et al. 2002). At fine spatial scales,
such as Landsat 30m data, its purpose is generally for ecological assessment of fire impacts
(Dureiu 1993; Edwards and Russell-Smith 2009; French et al. 2008; Harris 1988; Kuhnell et
al. 1998; Milne 1990; Rogan and Franklin 2001; Yates and Russell-Smith 2003). At coarser
scales, it is used to characterise the global distribution of fires (Chuvieco et al. 2008), and to
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assess global biomass burning (Andreae 1991), global emissions from fires (Mouillot and
Field 2005), and to determine the re-distribution of fire regimes due to possible climate
change (Krawchuk et al. 2009).

Automated algorithms for the mapping of burnt areas have been created for continental
(Maier 2005) and global (Roy et al. 2002) coverage. The global mapping algorithm is based
on a bi-directional reflectance model-based expectation change detection approach, mapping,
at 500 m, the location and approximate day of burning from MODIS imagery. There are a
number of calibration sites found in southern African savanna, humid tropical South
America, Boreal regions of the Russian Federation, and, in Australian savanna, south west
forests and central deserts (Roy et al. 2002). The advantage of this method over a spectral
index is the significant reduction of directional effects (Roy et al. 2005). Roy et al (2005)
cite the work of (Leroy and Hautecoeur 1999) who found daily spectral index variation in
proportions of the order of 0.05-0.2 due to directional effects. In the method of Roy et al.
(2005), reflectance values sensed within a given temporal window are used to predict the
reflectance value on a subsequent day. Change of significant interest occurs if the predicted
and observed values differ beyond a statistical measure, high probabilities of change can be
detected in periods of 7 to 10 days.

The understanding of Australian fire regimes as of 1996 (SOE 1996) sits in stark contrast to
later burnt area mapping derived from Advanced Very High Resolution Radiometer
(AVHRR) satellite borne sensor data (Figure 1.6) and highlights the utility of earth
observation. The availability of these mapping data, from the early 1990‟s, and the proximity
of the national receiving station in Alice Springs, provided the opportunity for a rural fire
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management agency in the Northern Territory to deliver hard copy fire mapping products to
land management staff (Allan 1993; Allan 1996; Edwards 2005) across vast and often
inaccessible regions. In the mid 1990‟s this task was then taken over by the Department of
Land Administration (DOLA) in Western Australia (Craig et al. 1995). Within a few years
DOLA were producing burnt area mapping products for all of Western Australia and the
Northern Territory (~3.9 million km2), albeit as hard copy maps, with an obvious delay for
mapping, printing and posting.

The AVHRR derived burnt area products are indicative of the occurrence of fire. However
the scale is inappropriate to provide information for landscape management planning. In
parallel to the AVHRR derived information, fire mapping products were derived from much
higher resolution Landsat Thematic Mapper data (Table 1.1) for smaller defined management
areas such as the World Heritage Listed Kakadu National Park (Russell-Smith et al. 1997),
other significant conservation areas (Edwards et al. 2001), military land (Yates and RussellSmith 2003), pastoral regions (Allan 2001), and indigenous managed land (Edwards and
Russell-Smith 2009; Price et al. 2007). The cost of Landsat data, until a few years ago, was
prohibitive to mapping extensively across regions in northern Australia. The 16 day return
interval was also problematic in tropical savanna landscapes with rapid regrowth (Elliott et
al. 2009) and the onset of monsoonal cloud cover in the latter part of the fire season (Edwards
et al. 2001).

The launch of the Terra satellite in 1999 carrying the MODIS sensor provided imagery of
superior spectral and spatial resolution to AVHRR. Fire detection algorithms previously
developed for AVHRR and the Visible and Infrared Scanner (VIRS) were rapidly applied to
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these data (Csiszar et al. 2005; Giglio et al. 2003; Justice et al. 2002; Kaufman et al. 1998).
The data were freely available through the Australian Centre for Remote Sensing. In northern
Australia, by 2003, Bushfires NT were providing MODIS 250m derived fire mapping
products on a weekly basis as static maps of NT regions and conservation reserves from a
Charles Darwin University (CDU) web site. Using these data, the Tropical Savannas
Cooperative Research Centre (TSCRC) developed NAFI, a dynamic, spatially enabled fire
information web site. The site initially covered the tropical savanna region of the NT and
eventually the nearly 2 million km2 tropical savanna region of northern Australia. The
mapping of burnt areas uses a semi-automated method (SAM), a vector based object oriented
classification approach (Jacklyn et al. in press). SAM uses change-detection of MODIS
250 m bands and includes data from higher resolution imagery when acquired. It uses
ancillary data from GPS files of aerial and ground vehicle incendiary tracks, to both train the
classification and select burnt areas manually. Accuracy assessments are undertaken during
and at the end of the fire season through comparison with aerial point-line transects (Edwards
et al. 1999a; Yates and Russell-Smith 2003).

Burnt area mapping undertaken through an automated method adopted from the Satellite
Remote Sensing Services section of Landgate, Western Australian Government has been used
to improve the efficiency of the NAFI burnt area mapping. A kernel driven bi-directional
reflectance factor model is applied (Maier 2010) similar to the previously described global
burnt area mapping algorithm (Roy et al. 2002) albeit at 250m. The automated method is
being used on NAFI to improve the efficiency of the manual mapping, by potentially
reducing technical staff costs, and improving the robustness of the datasets.
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In the EDS, burnt patches tend to be small (Gill et al. 2003) due to higher fuel moisture
content and high relative humidity at night and resultant low burning efficiency and severity.
The provision of ancillary aerial/ground data improves the SAM product markedly. Overall,
SAM tends towards a greater area mapped than the automated mapping product. This is in
part due to the ability to value add to the product with ancillary data from management burns,
and in part due to the generalisation of burnt area perimeters and smoothing of internal patch
heterogeneity in the vector based, object oriented classification software. The combination of
these products provides the basis for confident assessment of fire effects within known burnt
areas and will be used in this and subsequent studies to develop an automated fire severity
algorithm for the tropical savannas of northern Australia.

1.9 Fire severity mapping
The SAM system as described above is not automated, nor does it provide a fire severity map
product. The Composite Burn Index (CBI) (Key and Benson 2006), and its re-interpretation
as the GeoCBI (De Santis and Chuvieco 2009), are methods used to calibrate and validate the
results of a remote sensing index, the differenced Normalised Burn Ratio (dNBR) applied to
Landsat imagery (Table 1.1). The United States Forest Service (USFS) have developed this
system into a national fire severity mapping program. However, each Landsat image is
calibrated individually, limiting its application for real-time fire management. A number of
other studies have attempted to classify fire severity from a single image or through change
detection techniques, often using ∆NBR, with paired satellite images of a single fire event
(Chafer 2008; Chafer et al. 2004; Chuvieco and Congalton 1988; Hammill and Bradstock
2006; Noonan et al. 2002; Roldan-Zamarron et al. 2006; Smith et al. 2005; White et al.
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1996). As in the CBI/NBR system, site data are applied to calibrate the fire severity
classifications. The result is evaluated for accuracy with either a new independent set of data
or a previously removed subset of the original site data. The result is a one-off categorisation,
employing thresholds of single bands or indices. However the whole process must be
repeated and automation is not possible, nor is it usually required as fire events are infrequent
as compared to the tropical savannas.

Fire scar persistence in the tropical savannas is a transient phenomenon (Pereira 2003).
Accordingly, acquisition frequency and immediacy become critical features of any automated
fire monitoring system. MODIS image and acquisition characteristics (Table 1.1) suggest that
the frequency of acquisition will assist in contending with persistence issues in tropical
savanna habitats. The highly accurate geolocation of pixels and wide swath reduces
processing as compared to other moderate resolution sensors (Justice et al. 2002). The
imagery are free and therefore there is no budgetary limitation to impact on the size of the
dataset, as has happened in other north Australian fire mapping programs (Edwards et al.
2001). The spectral and spatial resolution of MODIS data are also appropriate to mapping
fire and fire severity in north Australian tropical savanna (Maier 2010; Maier and RussellSmith 2012). Maier (2010) demonstrated that in the wet/dry tropics, MODIS 250m NIR1
reflectance shows little effect of seasonality, and only a slight effect for the NIR2 (1230-1250
nm) and SWIR2 (2105-2155 nm) bands. As such it is preferable to use MODIS 250m NIR1
for change detection due to fire. Other effects such as fuel moisture for the calculation of
greenhouse gas emission factors using MODIS 500m NIR2 and SWIR2 is also possible.
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1.10 Conclusions
Vast areas of the tropical savannas are affected by frequent fire, requiring extensive fire
management. Fire management requires detailed strategic planning and fire severity mapping
will provide an additional crucial data layer to planning operations in place of inferential
datasets, such as fire seasonality and fire severity probability mapping. Ground based
classification of fire severity appropriate for the tropical savannas of northern Australia, and
simple metrics for its calculation, have been defined by (Russell-Smith and Edwards 2006)
through consultation with appropriate end-users. Remote sensing studies have indicated that
the NIR and SWIR portions of the EM spectrum are most likely to detect fire induced change
and potentially the level of change (Pereira 2003). An appropriate satellite based sensor,
MODIS, has been identified due to its acquisition frequency, swath, spatial and spectral
resolution. The accurate mapping of burnt areas, already available, provides an opportunity to
interrogate those areas only affected by fire. It has been determined that the high frequency of
fire occurrence and the vastness of north Australia‟s tropical savannas requires an automated
detection and mapping approach, using an algorithm to determine the level of effect of fire on
the savanna vegetation.

Prior to the development of a fire severity algorithm, and its assessment, accurate geolocated
ground and spectra data collection methods need to be developed for frequent and robust
application. In the following chapter, methods previously developed to characterise fire
severity, both on the ground and spectrally, will be reviewed.
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Field Sampling Methods and Approaches
for Characterising Fire Severity
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2.0 Chapter Outline
In this chapter, ground sampling methods for fire severity classification in other biomes will
be evaluated for their applicability to fire severity determination in the tropical savannas of
northern Australia. Approaches coupling ground and spectral sampling will also be reviewed
for their potential for adaptation and incorporation into this study. A sampling approach was
derived from these previous studies for assessing fire severity on the ground and by means of
remote sensing. The methods adopted will be comprehensively outlined including detailed
descriptions of the study sites.

2.1 Introduction
In general, studies attempting to characterise fire severity are habitat specific and/or a single
measure of impact on vegetation used in an attempt to rapidly assess fire severity. There are a
number of variables used to detect severity, including minimum branch diameter (Pérez and
Moreno 1998; Whight and Bradstock 1999; Williams et al. 2006), tree mortality (Chappell
and Agee 1996), crown damage (Russell-Smith and Edwards 2006), scorch and char height
(Williams et al. 1998), soil burn depth (Chafer 2008; Schimmel and Granstrom 1996), fuel
moisture conditions (Ferguson et al. 2002), and white ash production (Smith and Hudak
2005; Smith et al. 2005). Data such as these serve the purpose of calibration, where a
separate classification of an image, or change detection through a pair of images, has been
undertaken. The ground samples are required as training sites for the classification and can
also be used for accuracy assessment of the mapping.

The Composite Burn Index (CBI) was developed to validate ground data with rapid
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replication for Landsat satellite mapping of fire severity and thus has large Landsat pixel
sized plots, ~ 30 m in diameter and > 90 m apart. Sampling is stratified, and the conditions of
many factors are averaged within and across strata, according to the user‟s needs, in a similar
manner to the Landsat sensor, which averages all features within a pixel. In their assessment
of fire severity, Key and Benson (2006) take measurements of the components describing the
ecological effects of the fire and contributing to the satellite signal. Thus the sampling data
consider the spectral data comprehensively. The CBI rates the effect of fire from 0.0
(unburnt) to 3.0 (highest burn effect) on fire affected variables such as changes in green,
black, brown, % mortality and the % change in cover in 5 strata, including the substrate and
char height. Values in, and for, each stratum are averaged to produce an overall site value
which is potentially comparable between sites. Fewer strata does not affect the index, and
inapplicable variables can be omitted without effect. Detailed documentation is provided
(Key and Benson 2004; Key and Benson 2006). There is ample detailed definition of the
terms, examples, and appropriate advice for the rating system. The CBI ground sampling
methods are flexible, simple and repeatable.

The CBI is used to calibrate and validate the differenced Normalised Burn Ratio (∆NBR)
which is derived from Landsat satellite imagery, first developed for burnt area
mapping(Lopez Garcia and Caselles 1991)(Lopez Garcia and Caselles 1991)(Lopez Garcia
and Caselles 1991)(Lopez Garcia and Caselles 1991) and substantiated by (Koutsias and
Karteris 1998). They determined that TM bands 4 (NIR1) and 7 (SWIR2) were the most
highly uncorrelated bands that change substantially after fire. The coupled approach has been
assessed widely in a range of habitats: in needle leaf, broadleaf and mixed forest classes in
the interior of Alaska (Epting et al. 2005); in boreal forests and tundra in Alaska‟s national
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parks (Allen and Sorbel 2008); in the Alaskan black spruce forests (Kasischke et al. 2008); in
the dry chaparral woodlands and conifer forests of Yosemite National Park (Van Wagtendonk
et al. 2004); in the pine and spruce forests of Coconino National Park in Arizona (Cocke et
al. 2005); the oak, pine, redwood forests and northern mixed chaparral in Big Sur, California
(De Santis et al. 2010); and in the Peloponnese, Greece, coniferous and broadleaved forests,
shrubland and olive groves (Veraverbeke et al. 2010). Also an integrated overview of
research undertaken across the whole of the North American boreal forests is given in French
et al. (2008).

The CBI is a post-fire visual assessment of fuel consumed, soil charring, and vegetation
rejuvenation (Van Wagtendonk et al. 2004). It is purported by some to be too subjective as
the variables are only qualitative estimates of fire effects (Lentile et al. 2006). Many of the
qualitative ground measures are not amenable to remotely sensed data in optical wavelengths
(Roy 2006). It has also been found to be too insensitive in some, particularly more open,
habitats and has been further developed into the GeoCBI (De Santis and Chuvieco 2009).

The GeoCBI is a more detailed index that accounts for the proportion of cover in each
stratum and LAI in the upper two strata. These additional data describe total canopy cover, so
that GeoCBI varies with canopy cover. Their assessment of GeoCBI against both field and
radiative transfer simulation modelling outputs demonstrated a stronger relationship with
reflectance spectra. The difficulty of properly describing the effect of high fire severity on the
understorey when the overstorey is not affected and where overstorey cover is high (> 50%),
was not resolved by GeoCBI. For both sampling methods the authors reported systematic
underestimation of the fire severity (De Santis and Chuvieco 2009; Key and Benson 2006).
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In Australia, a coupled ground/spectral fire severity classificatory model was developed for
the south-west Jarrah forests of western Australia (Boer et al. 2008). LAI measurements of
the overstorey were estimated post-fire using ground-based vertical photographs whilst
destructive fuel measurements were made of woody (<2 m) and fine fuel litter biomass. LAI
regression models were derived through calibration with post-fire Landsat imagery and
applied to the pre-fire Landsat images. The ∆LAI values were then correlated with a number
of single bands and indices to test the efficacy of ∆NBR, and to attempt to understand the
impact of ∆NBR on a key biophysical attribute, ∆LAI. They concluded that mapping ∆LAI
was an effective means of mapping fire affected areas and fire severity, but only if LAI can
be predicted with a high level of certainty. However, Boer et al. (2008) determined the
impacts of ground ∆LAI to be insignificant which unfortunately negates the impact of the
lower categories of fire severity regularly experienced in the tropical savannas, and key to use
of the data as an operational tool. The results of the regression analysis would certainly be
different under circumstances where the canopy cover component is a smaller fraction of the
total LAI.

The coupled approaches previously described indicate clear differentiation between fires
affecting the ground versus the canopy cover but they often report inadequacies with respect
to describing categories or the continuum of effects in the understorey. The differentiation of
severe from not-severe fires does have application for landscape management for intraseasonal prescribed burn assessment. However, for the purposes of conservation management
planning and the calculation of GHG emissions, greater discrimination of the fire effects on
these lower strata is required. Data collection methods for this study were developed to
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capture class variation in the lower categories, accounting also for the information reviewed
above, and are described in the next section.

2.2 Study area
In an attempt to sample a range of tropical savanna woodland/open forest types that
collectively are representative of 2/3rd of northern Australia (Section 1.4), three sampling
locations were used, spanning a near east-west 300 km band across the northern-most tropical
region of the Northern Territory (Figure 2.1), encapsulating a large area of the north
Australian savannas more frequently affected by fire (Yates et al. 2008).

Figure 2.1 Location maps: (a) the location of the study area in northern Australia; (b) the
experimental area at the CSIRO complex is in Darwin, the Howard Springs experimental
sites ~30 km east of Darwin, the community of Kabulwarnamyo in the West Arnhem
Land region ~300 km east of Darwin.
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Site data were collected in 3 areas (Table 2.1, Figure 2.1). The CSIRO complex in Darwin
contained two sampling areas unburnt for 8 and 25 years, respectively. The sampling area at
the Howard Springs eddy covariance site (Beringer et al. 2007), and consisted of two blocks,
one with regular, but low severity fires and a neighbouring plot is also burnt regularly but
with a regime dominated by moderate to high fire severities (Beringer et al. 2003). At both
Howard Springs plots (Figure 2.1(a)), the understorey is dominated by tall annual and
perennial grasses (O'Grady et al. 2000) with fire occurring 1 in 2 years. The third sampling
area was around the community of Kabulwarnamyo (Figure 2.1 (b)). The area is intensively
managed as part of a traditional indigenous estate, the regime is of mixed severity (Yibarbuk
et al. 2001), fires occurring 2 in 3 years (Edwards and Russell-Smith 2009). The understorey
is dominated by perennial and woody species, with less occurrence of annual grasses (Lynch
and Wilson 1998b).
Table 2.1. Location and structural descriptions of sampled sites.

No.

Site/fire history
Location

Characteristics

Basal
area
2
-1
(m ha )

No. stems
-1
(ha )

FPC
(%)

1

CSIRO site
8 years unburnt
12°24’35”S 130°55’12”E

Open forest savanna
8.7 ha

10.7

1336

53

2

CSIRO site
25 years unburnt
12°24’35”S 130°55’12”E

Open forest savanna
2 ha

8.9

960

64

3

Howard Springs Burn Plot
- moderate/high 2006,07,08
12°29'26"S 131° 8'26"E

Open forest/woodland
savanna
300 ha

11.8

500

24

4

Howard Springs Control Plot
- low/moderate 2006;
- mostly excluded 2007;
- low 2008;
- mod 2009.
12°29'25"S 131°9'18"E
Kabulwarnamyo
west Arnhem Land
- mixed low/moderate
12°45'53"S 133°50'41"E

Open forest/woodland
savanna
270 ha

10.0

320

19

Open forest savanna
~1,000 ha

12.8

296

47

5
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2.3 Methods
This section describes the data collection methods developed for this study from the earlier
work of researchers given in the previous section. It involved collecting site specific
hyperspectral reflectance data in the optical range of the electromagnetic spectrum from a
helicopter to reduce the problem of accounting for atmospheric effects. It also involved the
collection of co-located ground data to correct for geolocation errors.

2.3.1 Reflectance data collection methods
Spectra were collected from a helicopter in the 3 study areas, at 9 separate fire events
covering the range of fire severities from patchy to high, however no extreme fire severity
events were measured. At the first site in October/November 2006, burnt and unburnt
measurements were made for assessment of the methods, the spectral characteristics of the
savanna landscape, and changes due to fire effects.
(a)

(b)

(c)

(d)

Figure 2.2 Reflectance data collection in a helicopter: (a) the specially designed
apparatus containing a seat, a cantilevered, horizontally aligned, extending pole and a
pistol grip screwed onto the end of the pole (as for a camera on a tripod); (b) the operator
seated on the apparatus, pole partially extended and optic fibre inserted into pistol grip;
(c) calibrating the spectrometer with the white reference panel and; (d) pole fully
extended beyond helicopter skids collecting spectra.
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A hand held ASD Field Spec Pro spectrometer, was connected to a laptop to record spectra
with a 25° field of view (FOV) at 300 ft (91.4m) above ground, resulting in a sampling area
of 40.5m diameter (Figure 2.3). The spectral range was 350-2500 nm (Taylor 2004). To
operate the ASD in a helicopter required two operators and a pilot. One person operated the
laptop controlling the spectrometer. The second operator sat on a specially designed
apparatus containing a seat, a cantilevered, horizontally aligned, extending pole and a pistol
grip screwed onto the end of the pole (as for a camera on a tripod (Figure 2.2(a)) set facing
groundward using a bull‟s eye level on the pistol grip (Figure 2.2(c)). The pistol grip retains
the end of the optic cable, perpendicular to the pole, pointing downward. A white reference
(WR) panel fabricated from spectralon, a highly diffuse reflecting material, (Jackson et al.
1992) was held under the end of the optic fibre to measure the incident radiation. The side of
the helicopter with the specially designed apparatus was turned sunward with the operator
holding the panel under the optic fibre. The advantage of saving data in WR mode was the
instantaneous view of calibrated incoming spectra, available on-screen for assessment by the
first operator. Upon reaching the assessment area, the helicopter was landed and the altimeter
calibrated to the local ground level. Sites were selected in a stratified random manner. The
helicopter was held as still as possible, approximately 100 +7 m (300 + 20 feet) above a site.
The incoming signal was averaged 25 times, 10 per site, tagged automatically with date, time
and a GPS location, and saved as a unique file.

In July and October 2006 reflectance and ground measurements were made at the Howard
Springs flux tower site (Figure 2.1). This was the preliminary method development phase to
examine the physical properties of the savanna tree-grass-soil matrix and to perfect the data
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collection methods. Three locations were selected: unburnt woodland and grassland; an
adjacent savanna open forest area (~200 ha) burnt in July of low to moderate severity, ground
data were collected in the following two days and; a third block of woodland (~200 ha) burnt
in October with high fire severity, in this instance ground data were collected a week after the
fire.

2.3.2 Ground data collection methods
Ground data were collected in the subsequent 48 hours post-fire. The main requirement of the
ground data was to describe quantitatively the severity of a fire event and to provide
estimates of the proportions of major reflectance phenomena resulting from the fire (Table
2.2). Prior to ground data collection, GPS locations of sites were downloaded from the ASD
software collected with the reflectance data. The coordinates collected during the 10
measurements were averaged to find the central point (Figure 2.3). A 50 m north-south
transect, centred on the GPS location (Figure 2.3) was laid out. Care was taken not to disturb
the western side of the transect, as ground cover measurements were made on this side of the
transect. The temporal immediacy of the ground data collection was to reduce the impact of
leaf fall from fire affected foliage.
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Table 2.2 Fractional classes describing the significant influences on reflectance spectra.
class

description

fPV

the fraction of photosynthetic vegetation (all green vegetative material)
the fraction of non-photosynthetic material

fNPV
(woody plant material such as: dead leaves; branches; stems; and twigs)

fSC

the fraction of scorched biomass (heat affected foliage)

fCHAR the fraction of charred biomass (blackened fire affected material)
fASH

the fraction of pyrolised biomass (white mineral ash)

fDG

the fraction of dry grass

fBS

the fraction of exposed bare soil and rock

The ground data consisted of complete descriptions of the site, location, orientation, habitat
type, structural descriptions, soil characteristics, fire history, and fire severity descriptors. It
included 3-dimensional vegetation structural and floristic descriptions of all woody species
(Figure 2.4 Table 2.3, Table 2.4). These variables, in combination, allowed for the calculation
of tree basal area, canopy area and volume, Foliage Projected Cover (FPC), LAI, and
provided detailed descriptions of the stand structure and floristic demographics. The method
incorporated measurements of scorch and char height, where previous empirically derived
correlations have been made relating to fire intensity (Williams et al. 1998). In conjunction
with ground patchiness measurements, these metrics will be used to develop a composite fire
severity index.
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Figure 2.3 Site 2 - 12th May 2008 - illustrating the location of the 10 GPS points (hollow
circles) collected by the ASD software during the collection of the reflectance data in the
helicopter, and the mean coordinate (black asterisk). The light grey circular zone is a
merged 25m radius buffered around the 10 coordinates. The north-south transect is
centred on the mean coordinate, represented by the dashed line. The 10, 5 x 5 m
sampling quadrats lie to the east of the main transect. In this typical example the ground
sampling area is 10% of the area sampled by the spectrometer.
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Table 2.3 Ground data collection: variables measured for each of 4 strata: Upper > 5 m; Mid 2 to 5 m;
Lower 0.5 to < 2 m; Ground < 0.5m. PV = photosynthetic vegetation. NPV = non-photosynthetic
vegetation. Scorch = PV fire affected but not pyrolised. Char = partly pyrolised PV or NPV. Ash =
completely pyrolised PV or NPV.

Variable
%PV
%NPV
%Scorch
%Char
%Ash
%Dry Grass
%Bare Soil

Upper
x
x
x
x

Strata
Mid
Lower
x
x
x
x

x
x
x
x

Ground
x
x
x
x
x
x
x

Table 2.4 Ground data collection: Floristic and structural data collected from all plant stems > 5 cm
diameter at breast height (DBH), measured at 1.3 m above the base of the stem.

Structural
Measurement
Plant Position
Basal area
Species ID
Total Height
Canopy Radii
Canopy Height

Variable
x, y
x (m2)
Genus species
z (m)
r1, r2, r3, r4 (m)
z (m)
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Derived
Parameter
stem density (ha-1)
total basal area (m2ha-1)
habitat floristic class
habitat structural class
canopy area (m2)
canopy volume (m3)

2. Field sampling methods

(a)

(d)

Plot area = 50m x 5m = 0.025 ha = 1/40th ha
Number of stems (n/ha) = tree count*40

50m

dat

daw

5m

40

30

20
GPS
location

0
(b)

Basal Area (BA) [m2/ha] = [(DBH/2)2*Pi ]

East

10

North

n

Total Basal Area (BAT) [m2/ha] = (Σ[BAi])*40
i=1

2

Canopy Area (CA) [m ] = [mean (r1, r2, r3, r4)]2*Pi

AC

(c)

n

Total Canopy Area (CAT) [m2] = (Σ [CAi])*40
i=1

Canopy Volume (CV) [m3] = [AC * (hT - hC)] / 3

hT
Diameter of
tree
at breast
height
(DBH)

n

hC
1.3m

N
W

r1
r4

Total Canopy Volume (CVT) [m3] = (Σ [CVi])*40

r2

E
r3

i=1

S

Figure 2.4 Depiction of site variables required for a detailed site description. (a) the 50m x 5m north-south transect indicating the central GPS location, at
25m, acquired in the helicopter during reflectance data acquisition; 10 stylised trees indicating the measurement of the spatial distribution within the transect
swath [dat = distance to tree along transect; daw = distance to tree away from transect.]. (b) An example of a stylised tree, in the form of the dominant
Eucalyptus, indicating the measurement of the diameter at breast height (1.3m), [where hT = Tree Total Height; hC = height to tree crown.]. (c) An example of
a stylised tree indicating the measurement of 4 x cardinal radii. (d) Calculations from the previous measurements for individual tree, and total, basal area
2
(m2/ha), and individual tree, and total, canopy cover (m2/ha), canopy volume (m3/ha) and foliage projected cover (m /ha).
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Figure 2.5 Photograph of a ground transect. 50m tape laid out north-south. Scorch height can be
compared to the author to the left against the small Eucalyptus trees down the transect, at
approximately 1.6 m.

The quadrat variables describe the proportions of the main components of the savanna matrix
and their contribution to the reflectance signal in each of 4 strata: upper ( > 5m); mid (2 to 5
m); lower (0.5 to 2 m) and; ground ( < 0.5 m). In the upper and ground strata, a sighting tube
(Hill 1993) was used in a point-line intercept method to provide an objective and repeatable
sampling at 1m intervals along the 50 m transect. The sighting tube was not used to measure
the cover of the mid and lower strata: small plants in the vicinity of the user were too readily
disturbed and; the fire affected trees and shrubs in these strata were sparse. Instead, variables
in the mid and lower strata were estimated as a percentage of total cover in the 5 x 5 m
quadrat.
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2.4 Results
Preliminary spectra (Figure 2.6) collected with the hand held spectrometer in the early
experimental stage of the study, represented open-forest savanna with and without various
fire severity and seasonality effects; an unburnt grassland/seasonal swamp matrix and; two
individual, ~ 20 m high Eucalypt trees, 1 with complete canopy scorch and 1 unscorched,
both over moderate severity affected woodland.

These data were collected to provide an assessment of the hand held spectrometer. They also
provided a preliminary assessment of the various effects of fire and fire severities to refine
and further develop the sampling methodology. A visual assessment of the data suggested
that, comparatively, the individual components such as the scorched and unscorched trees,
the burnt and unburnt woodland, and the burnt (low severity) and burnt (high severity)
woodlands produce markedly different spectra right across the infrared, but relatively small
difference in the visible. Unburnt Woodland (July) and Burnt Woodland (July) demonstrate
an inverse relationship between the NIR and SWIR regions. This inverse relationship is not
evident between the Scorched and Unscorched trees, although there is marked difference in
SWIR1 reflectance, negligible in SWIR2. The Cured Grassland (July) had less reflectivity
than Unburnt Woodland in NIR due to a lack of PV, but the relationship is inverted in the
SWIR due to cellulose absorption, demonstrating the higher proportion of NPV. The inverse
relationships provide the advantage of potentially applying a normalised difference to two
indicative regions of the EM spectrum simultaneously. The Burnt Woodland (October) does
not behave as expected. There is higher reflectivity in both NIR and SWIR regions, evidence
potentially of increased proportions of both PV and NPV. Photographs captured over the sites
provide evidence of significant re-flushing and extensive leaf fall (Figure 2.7). These rapid
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and marked phenological changes were to become the subject of a more detailed analysis
(Chapter 4), but also indicated that consistent timing of post-fire data collection was required.
For the sake of consistency, data collection of spectra was restricted to the day after the fire,
whilst ground site evaluation was restricted to two days, post-fire, in the anticipation that
sampling was prior to any influential phenological change.

bluegreenred
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Figure 2.6 Reflectance spectra in the optical reflective portion of the electromagnetic
spectrum as measured by the ASD FieldSpec Pro spectroradiometer in the tropical
savannas of northern Australia during a field campaign in 2006. The red and blue bars
represent the bands of MODIS and Landsat satellite sensors, respectively. The pale grey
line maps the transmittance of EM radiation through the atmosphere. Measurements of
landscape spectra are an average of 30 helicopter-based measurements, mean variance
from the mean ~10%. The region between 1790 to 1940 nm is not displayed.
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Figure 2.7 Photograph of a preliminary ground site sampled 1 week after the fire
event, November 2006. The fire was of high severity and illustrates strong evidence
of re-flushing and scorched leaf fall.

2.5 Discussion
The increased reliance on remotely sensed information to provide end-users with accurate
information requires high quality sampling for calibration data. The helicopter based sensor
in this study markedly reduces many errors. Reflectance data collected by satellite based
sensors suffer from atmospheric effects, more so in the tropics (Kanniah et al. 2010a),
especially smoke aerosol effects. There are often issues with geolocation resulting in ground
data aggregation and image filtering. The accuracy of the co-geolocation of the coupled
sampling methods in this study removes a large component of geo-rectification error that
would normally be associated with the application of field data to moderate (e.g. MODIS) or
even high (e.g. Landsat) resolution satellite based remotely sensed data. A sampling
methodology must also be scale appropriate (Lentile et al. 2006), in this study the ground
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sample size is ~10% of the spectral field-of-view, and is always within the exact area of
reflectance data acquisition (Figure 2.3). Additionally the helicopter based instrument
allowed timely collection of reflectance spectra on the day after a fire. Preliminary sampling
also indicate the period of sampling. Visual assessment of spectra and site photographs
suggest that reflectance spectra will be heavily influenced by phenological changes that
continue to occur post-fire. Therefore, for consistency a sampling period was set to be 24 and
48 hours post-fire for spectra and ground data respectively.

In ground sampling, a potential difficulty is in collecting information that completely and
correctly describes the whole of signal reflectance, so as to more accurately interpret the
mixed spectral signature. The intention with the ground sampling component of the method
in this study was to measure all of the available data describing the floristics, vegetation
structure and the effects of the fire on the vegetation. Although exhaustive, the variables
determining the effects of fire severity on tropical savanna habitats were not known, also
unknown were their relative importance. Near-ground data acquisition of spectra in this
sampling approach, overcame the short-comings of the data pre-processing that generally
results in uncertainty (Roy et al. 2006). This provides a higher degree of sensitivity to the
spectra pertaining specifically to the effects of fire on the vegetation in developing a fire
severity index.

The pre-fire proportions of dominant canopy characteristics are highly correlated to
vegetation structural type (Hammill and Bradstock 2006). Hammill & Bradstock (2006)
reported that the relationship between vegetation structural type and fire severity
classification is better explained in woodland and forest than in sedge-swamp and heath
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lands. Sites for this study were intentionally selected for sampling within open-forest and
woodland, representing approximately 89% of the tropical savannas in the Northern Territory
(sensu (Brocklehurst et al. 2001)). In Chapter 3 analysis of variance will be undertaken to test
sites for their structural similarity, within fire severity categories, to determine the suitability
of the data.

The collection methods for this study include all possible ground variables and optical spectra
as suggested by the CBI, GeoCBI and other remotely sensed adapted ground data collection
methods. These variables will be correlated with in situ measurements of fire severity.
Therefore, if it is possible to discriminate the various levels of fire severity these methods
provide the greatest opportunity. The sampling methodology in this study is thorough, and
repeatable. The following chapter will provide an assessment of the data collected with these
methods and an algorithm discriminating fire severity categories for the tropical savannas of
northern Australia.

49

Chapter 3
Analyses of Sampled Data

N

Fire Extent
Early Dry Season
Late Dry Season

Figure 5.1. MODIS derived burnt area mapping 2005 overlaid on a composite image,
tropical savannas, north Australia.
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3.0 Chapter outline
Data analyses of site information from the data collected using the methods outlined in
Chapter 2 will be described and presented. Data include helicopter-based reflectance spectra
(Appendix 2) and associated ground-based site information (Appendix 3). As previously
described, successful fire mapping algorithms exist for the region, accounting for the
anisotropy of land surfaces and angular sensing and illumination variations through bidirectional reflectance model-based detection (Maier 2005; Maier 2010; Roy et al. 2005).
This study does not set out to discriminate burnt from unburnt areas, as methods for
achieving this have already been developed (Maier 2010; Roy et al. 2005; Roy et al. 2002).
Here the focus is the classification of fire severity within burnt areas. Furthermore, an
empirical model using the reflectance at sites variously affected by fire will be derived, with
appropriate variation in site selection to represent savanna vegetation. Lastly, the results of
the various analyses will be summarised and a set of algorithms applicable to the MODIS
sensor will be presented. MODIS was selected, as it is currently extensively used for fire
affected areas mapping in the north Australian region, and thus a suitable fire affected
landscape mask within which to assess the classification of fire severity. The frequency of
MODIS acquisition is appropriate for difference imaging, when accounting for the possible
limitations in the period of applicability for the spectra-based model. In addition the spatial
and spectral resolution is superior to other sensor data that meet these first two conditions.
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ANOVA of BA
in each FS
class

Test: groups of sites within fire severity
categories are equally representative of northern
Australian tropical savanna habitats
H0 rejected

H0 accepted

re-assess data

Continuous fire severity variable derived from
calculation of scorch height and patchiness of
unburnt ground vegetation

Calculate
Fire Severity
Variables

Categorical fire severity variable derived from
cluster analysis of continuous fire severity
variable

Ranges of spectra
averaged to
represent sensor
band ranges

Reflectance
Spectra

Reflectance
Variables

Assessment
of Distribution

Transformation

Correlation

Model
Development
AICc

Regression

Fire Severity Model
for Remote Sensing

Ground
Data

Proportions of main
ground variables
summed for 4 strata
and rescaled

Ground
Variables

Assess variables for non-linear relationships
using scatterplots and for asymmetrical
distributions of the variables with boxplots
Select and apply transformation from
histogram skewness and kurtosis
Derive correlation matrix and assess for
significant variables
Develop candidate model set from a priori
knowledge and results of correlation matrix
Calculate AICc, model weights and R

2

Generalised linear modelling of best model/s

Fire Severity variables
for Ground Sampling

Figure 3.1 Flow diagram describing the analytical process and algorithm development.
H0 = null hypothesis: sites are not equally representative of savanna habitats.
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3.1 Methods
All steps taken in these analyses are illustrated in Figure 3.1. Principally, components of the
ground data and reflectance data are assessed and correlated with both continuous and
categorical fire severity indices. The first step is to undertake an analysis of variance
(ANOVA) of the vegetative structural information to determine if the groups of sites within
fire severity categories are uniformly representative of savanna vegetation. Secondly, a
dependent, continuous variable of fire severity will be derived from field measurements for
correlative analysis, which will then be statistically categorised using cluster analysis for a
simplified error assessment of the classification. Once the ground measurements and spectra
have been transformed, the next step is to characterise the fire severity with the ground
measurements and reflectance variables through correlation analysis to develop a list of a
priori models. Lastly, the list of models will be assessed through Akaike‟s Information
Criterion (AIC) to determine the most parsimonious models. We can then identify from
regression analysis:
1. the measured variables that are the primary components of fire severity on the ground and;
2. an algorithm based on spectra applicable to data from a satellite-based sensor to classify
fire severity remotely.

3.1.1 Fire severity class representation
Prior to model development, an analysis of variance was undertaken, as given in Fowler et al.
(1998), comparing the basal area at all sites within fire severity classes, to test for
significance and the acceptance of the Null Hypothesis: H0 = samples are drawn from
normally distributed populations with equal means and variances. This test will determine the
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uniformity of the structural distribution of plots within each fire severity class, to remove the
possibility that structural differences are influencing the analysis.

3.1.2 Fire severity variables
The nominal fire severity classification system assessed at sites (Appendix 2 – column 4)
relates directly to the photographs and simplified graphics created for visual assessment in
the field guide produced for land managers (Edwards 2009), and summarised for this thesis
(Figure1.8). However, in regression analysis a continuous dependent variable is preferred as
it represents, or can be transformed to, a normal distribution (Quinn and Keough 2002).
Therefore, for statistical robustness, a variable was calculated from the many detailed
measurements taken at each site. To calculate the Fire Severity Index, FSI, the most accurate
vertical measure of fire effect, scorch height, was weighted by the horizontal proportion of
unburnt organic ground layer material:

FSI = SH * (100 - (%PVG + %NPVG)) / 100

(3.1)

where:
- %PVG = the ground stratum % of photosynthetic vegetation (PV);
- %NPVG = the ground stratum % of non-photosynthetic vegetation (NPV) and;
- SH = the mean maximum height of scorched leaves (non-pyrolised foliage affected by the
heat of the flame, still suspended in the canopy of a shrub or tree) at a site. The weighting
factor of the ground patchiness reduces the overall proportion of the biomass consumed,
therefore the index, appropriately, describes the volume of biomass consumed, however the
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index is a measure of the proportion of the ground affected and the height of the fire affect
into the canopy, therefore the units of the index are metres.

A cluster analysis of the frequency distribution of the continuous index, FSI, provides a reinterpreted categorical fire severity variable, FSIR. This categorical variable provides utility
for error assessment and map production. Cluster analysis was undertaken in STATISTICA
(Stat.Soft.Inc. 2004), and provides certainty that the analyses reflected the detailed
measurements and not an arbitrary classification. The result was compared to the initial field
based fire severity categorical values based on the field classification scheme (Edwards
2009), to assist in assigning the category labels.

3.1.3 Data variables
The continuous dependent fire severity variable, FSI, is compared with transformations of
both ground measurements and reflectance variables. Ground variables are calculated as the
total proportion of that variable at a site (Table 3.1) collected in each of the 4 separate strata
and summed for the site.

Table 3.1 Descriptions of ground variables.

Variable

Description

%Green

total proportion of photosynthetic vegetation

%Litter

total proportion of non-photosynthetic vegetation

%Scorch

total proportion of scorched leaves

%Char

total proportion of charred, blackened, material

%Dry Grass

total proportion of dry grass

%Bare Soil

total proportion of bare soil
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Reflectance spectra are represented by a value from zero to one for wavelengths 350 to 2500
nm in 1nm increments, representing the proportion of reflected light. To create useful
variables for regression analysis, reflectance spectra values were averaged in discrete ranges
of wavelengths. The wavelength ranges selected were equal to the 7 channels representing the
MODIS visible, near infrared and short wave infrared channels (Table 1.1). Additional
spectral variables were derived using 2 common indices: the Normalised Difference
Vegetation Index (NDVI) and the Normalised Burn Ratio (NBR), given as:

NDVI = (B2 – B1) / (B2 + B1)

(3.2)

NBR = (B2 – B7) / (B2 +B7)

(3.3)

where:
B1 = MODIS band 1 = 620 to 670 nm;
B2 = MODIS band 2 = 841 to 876 nm;
B7 = MODIS band 7 = 2105 to 2155 nm.

3.1.4 Correlation matrices and data transformation
The Pearson correlation coefficient was used to examine the strength of relationships between
ground variables and spectral bands/indices (Table 5.2) with the dependent continuous
variable of fire severity, FSI. Statistics of the raw data were generated and histograms
assessed in STATISTICA (StatSoft Inc., 1984-2004). After a visual assessment, each variable
was transformed using standard transformations: x1/2, ln(x), arcsinh(x). The lowest value of
skewness, then kurtosis, of each transformed variable was chosen as the preferred
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transformation. Correlation matrices were calculated to determine the strongest and most
significant variables.
3.1.5 Model selection
Relationships between FSI and explanatory variables were analysed using the correlation
matrices to determine significant interactions and visual assessment of scatterplots. Akaike‟s
Information Criterion (AIC), or AICc which incorporates a second order correction factor for
small sample sizes, was then calculated to select „best‟ models (Burnham and Anderson
2002). In the calculation of the AICc, parsimony is rewarded as is model fit. A difference of
< 2 in (AICc - AICcmin)in the candidate set of models suggests candidate models are equally
supported. An AICc weight, wi, is calculated representing the probability of a model being
the best in a candidate set. Inferences can be based on the set of models, known as multimodel inference, rather than a single best model, based on the level of support such that
weakly supported models will have little effect.

3.1.6 Regression analyses
Linear regression analysis was undertaken in Statistica(Stat.Soft.Inc. 2004) on the ground
based data only. Regression analyses of the significant ground parameters as independent
variables, using FSI as the dependent variable, allowed for the development of an empirical
model specific to this sample, using the main drivers, describing the model variance, the
parsimonious explanatory variables and their significance (Draper and Smith 1981). This
specific model was not applied in any practical sense at this stage, but provided an
explanation of the main drivers and their effects. It also provides a means of improving the
efficiency of further ground sampling.
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3.2 Results
3.2.1 Class representation
Total basal area measurements for each site, in m2ha-1, were grouped by category given from
the field based assessment of fire severity. Summary statistics were calculated (Table 3.2)
with details of the ANOVA given in Appendix 1. The result is not significant, therefore we
accept H0, that samples are drawn from normally distributed populations with equal means
and variances (Figure 3.2).

Table 3.2 Summary statistics of basal area (BA) in each fire severity class. BA is a measure of the
cross-sectional area of a tree stem calculated from the stem diameter at 1.3 m above the base.

Count (n)
2
Mean BA (m /ha)
Variance
Σ (BA)
2
Σ (BA)
2
(Σ (BA))

unburnt
5
12.4
4.2
62.0
790.9
3849

Fire Severity Class
low
moderate
high
9
12
15
9.9
13.3
12.8
24.5
45.5
25.5
88.8
160.0
191.4
1097.9
2678.1
2825.8
7893
25584
36641

all
41
12.3
30.2
502.3
7392.7
252255

20

2

BA (m /ha)

16
12
8
4
0

unburnt

low

moderate

high

Fire severity

Figure 3.2 Mean and variance of total basal area (BA) for fire
severity categories, demonstrating that fire severity is independent of
vegetation structure (BA) for the sites sampled.
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3.2.2 Fire severity variables
The continuous dependent fire severity variable, FSI, was calculated for all sites from
Equation 3.1 and is presented in Appendix 2 – column 5. A frequency distribution of FSI was
plotted (Figure 3.3) and a cluster analysis was undertaken, as denoted by the dashed rounded

Count

squares in Figure 3.3.
8
7
6
5
4
3
2
1
0

low
moderate

high

1-2

2-3

3-4

4-5

5-6

6-7

7-8

8-9

9-10 10-11 11-12 12-13

FSI (m)
Figure 3.3 Frequency distribution of the continuous fire severity index variable, FSI.
The dashed boxes represent the re-interpreted fire severity index category ranges,
FSIR, derived from the cluster analysis.

Threshold values for the categorisation were calculated from the clustered classes, using the
original field based categorisation to label the classes (Table 3.3). The new categorical
classification is referred to as FSIR.

Table 3.3 Threshold values and class labels for the categorical fire severity index, FSIR.
Thresholds are derived from a cluster analysis of the derived index FSI. Class labels are
derived from the original field based assessment of fire severity.
Class label

Lower threshold value

Upper threshold value

0

4

2 – Moderate

>4

8

3 – High

>8

-

1 – Low
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3.2.3 Fire severity v ground variables
Independent ground data variables were assessed against the continuous dependent variable
FSI following the analytical steps in Figure 3.1. The proportions of each component (Figure
3.4) were first divided by the sum of all 6 variables so that the proportions of each variable
summed to 100%. In all instances the variance was far greater than the mean.
Transformations of each variable were applied (Table 3.4 and Appendix 4).The
transformations with the lowest skewness and then kurtosis were selected and then visually
assessed for fit of the normal curve.

Table 3.4. Descriptive statistics representing the transformations of the total proportions of the 6
variables of ground data (n = 36).
Variable

Mean

Skewness

Kurtosis

sqrt(%Green)

3.8

-0.15

-0.24

Ln(%Scorch)

1.8

0.46

-0.14

sqrt(%Litter)

4.2

-0.02

-0.52

%Char

35.7

-0.25

-0.66

Ln(%Drygrass)

0.9

0.14

-1.14

asinh(%Baresoil)

3.4

-0.09

0.09

The correlation matrix of ground and fire severity variables, both continuous and categorical,
were derived (Table 3.5). Scatterplots of the 5 significant variables (p <
0.05): %Green; %Scorch; %Litter; %Dry Grass and %Bare Soil were plotted displaying the
95% confidence interval (Appendix 4) and explain 72%, 34%, 30%, 23% and 21% of the
variability respectively.
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Figure 3.4 Mean %cover values for fire severity categories in each stratum. The white areas in the Lower and Mid storey pies refer to clear space.
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Table 3.5 Correlation coefficients (R) of fire severity indices and transformed ground variables.
Significant correlations in bold italics at p < 0.01; n = 36.

Transformed Ground variables

FSI
SQRT(%Green)
ASINH(%Scorch)

FSI

SQRT
(%Green)

ASINH
(%Scorch)

SQRT
(%Litter)

%Char

LN
(%Dry
Grass)

ASINH
(%Bare
Soil)

1.00

-0.87

0.62

-0.63

-0.02

-0.62

0.59

1.00

-0.64

0.66

-0.21

0.72

-0.64

1.00

-0.44

0.44

-0.41

0.11

1.00

-0.34

0.45

-0.59

1.00

-0.32

-0.17

1.00

-0.50

SQRT(%Litter)
%Char
LN(%DryGrass)
ASINH(%BareSoil)

1.00

The significant normalised independent ground variables were compared with the dependent
continuous fire severity parameter, FSI, to determine the AICc of selected models (Table
3.6). The percentage of photosynthetic vegetation (%Green), explaining 72% of the
variability in the fire severity index, was assessed as a unique model and in combination with
each of the other significant ground variables. The ∆AICc values of the two models
incorporating %Green and %Scorch, and a third including %Litter were less than two,
suggesting they are equally supported models. Parsimony suggests the %Green + %Scorch
model, although %Green x %Scorch explains slightly more of the variance and has only
slightly less value of probability of being the best, however the weighted probability of
the %Green + %Scorch + %Litter model and the slightly greater explanation of the variance
suggests it would be prudent to incorporate all 3 variables in the regression model:

FSI = β0 + β1 (%Green)1/2 + β2 (Asinh(%Scorch)) + β3 (%Litter)1/2 + e (5.2)

where the coefficients, β0, β1, β2 and β3 will be estimated in a regression analysis.
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Table 3.6 AICc model selection results of the significant ground variables.
AICc is the result of the Information criterion calculation; ∆AIC is the difference between the AICc
value of that model and the minimum AICc value of all models; wi is the probability of the model being
2
the best of the set of models; R describes the proportion of the variability explained by the model.
Models within 2 AICc values can be considered equally supported models.
2

AICc

∆AIC

wi

R

%Green + %Scorch + %Litter

156.50

0.00

0.31

0.77

%Green + %Scorch

157.33

0.83

0.20

0.74

%Green * %Scorch

157.75

1.24

0.16

0.76

%Green + %Litter

158.76

2.26

0.10

0.73

%Green

158.95

2.45

0.10

0.71

%Green + %Drygrass

160.79

4.29

0.04

0.72

%Green + %Baresoil

160.97

4.47

0.03

0.72

%Green * %Litter

161.17

4.67

0.03

0.74

%Green * %Drygrass

162.64

6.13

0.01

0.72

%Green * %Baresoil

163.42

6.91

0.01

0.72

%Green * %Scorch * %Litter

164.66

8.16

0.01

0.79

Model

Generalised Linear Modelling (GLZ) was applied to the variables between effects
(sqrt(%Green) + asinh(%Scorch) + sqrt(%Litter)), and the β coefficients calculated:

FSI = 3.74 - 0.69(%Green)1/2 + 0.29(asinh(%Scorch) - [0.18(%Litter)1/2]2

(3.4)

The importance of this result is not to have a model per se but to have identified, and
determined, the level of significance of the ground variables needed to inform future ground
sampling and the spectral analysis.
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3.2.4 Fire severity v reflectance variables
Initially, reflectance variables are compared with the categorical re-interpreted fire severity
index, FSIR, to visually inspect the various relationships between practical components of the
electromagnetic spectrum and the fire severity categories. The continuous fire severity index,
FSI, is then analysed through AICc and regression analysis to statistically characterise the
relationships.

The mean reflectance values for the 9 MODIS variables, channels 1 to 7, NDVI and NBR,
were calculated for each fire severity category, mapped, with standard error bars, and
compared (Figure 3.5). The unburnt spectra are most separated from the burnt classes in the
MODIS equivalent spectral ranges of channels 2 and 5. In a 2 class classification (severe v
not-severe), moderate separation occurs in MODIS channels 5 and 6, and clear separation
occurs in MODIS NBR. However in a 3 class system, MODIS channels 2, 5, and 6 could
potentially separate the classes, providing an opportunity to derive a simple model for
calibrating a classification as an initial operational tool.

The un-transformed spectra were tabulated (Appendix 3) and scatterplots derived (Appendix
5). Logarithmic transformations of each variable, other than the 2 indices, were created based
on a visual assessment of their frequency distributions and an assessment of skewness and
kurtosis (Table 3.7).
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Reflectane/Index value

1
0.9

unburnt

0.8

low

0.7

moderate

0.6

high

0.5
0.4
0.3
0.2
0.1
0
3

4

1

2

5

6

7

NDVI

NBR

MODIS channel/index
(central wavelength nm)
Figure 3.5 The average value (n = 41) of reflectance representing the MODIS channels 1 to
7, MODIS derived NDVI and NBR. Error bars represent the standard error around the mean.
Lines are plotted for visual comparison only. The central wavelength of each MODIS band: 3
= 469 nm, 4 = 555 nm, 1 = 645 nm, 2 = 858 nm, 5 = 1240 nm, 6 = 1240 nm and 7 = 2130 nm.

Table 3.7 Descriptive statistics of the transformed spectral variables (n = 36) for MODIS channels.

Variable

Mean

Skewness

Kurtosis

Ln-MODIS1

-2.94

1.57

5.10

Ln-MODIS2

-1.77

1.38

0.38

Ln-MODIS3

-3.42

0.02

-0.99

Ln-MODIS4

-3.00

0.01

-0.26

Ln-MODIS5

-1.58

0.66

-0.40

Ln-MODIS6

-1.84

0.40

-1.30

Ln-MODIS7

-2.18

0.54

-1.06

The correlation matrix of the transformed spectral variables was derived (Table 3.8). The
surprising result is the low correlation between MODIS near infrared, Ln-M2, and the fire

65

3. Analyses of Sampled Data

severity index, where in earlier visual analysis (Figure 3.5) NDVI appeared to be a significant
source of differentiation between some fire severity classes. Also, as the proportion of
photosynthetic vegetation was the main driver in the model describing fire effects from the
ground data, and the near infrared portion of the electromagnetic spectrum is well known to
be related to foliage abundance/density, it is worthy of investigation to determine if the
effects of the near-infrared require combination with other ranges of wavelengths.

Table 3.8 Correlation coefficient (R) of the log-transformed spectral variables (MODIS channels 1 to 7
and derived indices NDVI and NBR) versus FSI. Bold italicised correlations are significant at
p < 0.05; n = 36.

Variable

FSI

Ln-M1

0.49

Ln-M2

0.03

Ln-M3

0.29

Ln-M4

0.30

Ln-M5

0.38

Ln-M6

0.67

Ln-M7

0.52

MODIS-NDVI

-0.39

MODIS-NBR

-0.41

A series of spectral ranges and derived indices from within the literature refer to wavelengths
or ranges of wavelengths partly, or wholly, captured within the channels of the MODIS
sensor (Table 3.9). The Normalised Burn Ratio (NBR) has had extensive practical application
specifically for the mapping of fire severity (Allen and Sorbel 2008; Chafer 2008; Cocke et
al. 2005; Epting et al. 2005) and has a thorough coupled ground based methodology (De
Santis and Chuvieco 2009; Key and Benson 2006). Therefore this suggests the incorporation
of MODIS channels 2 and 7 into the candidate set of models.
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Table 3.9 Known indices for discriminating physical phenomena, to develop an a priori candidate set
of models for wavelength ranges from the MODIS sensor.

Index/Element

Components

References

(R2.1 – RNIR)/ (R2.1 + RNIR) =
NBR
(MODIS2 – MODIS7)/(MODIS2 + MODIS7)

Key and Benson
(2006)

CAI

(0.5(R2.0 + R2.2)-R2.1)

Nagler et al. (2003)

Smoke
Penetration

RSWIR = MODIS6&MODIS7

Pereira (2003)

(R860 - R1240)/ (R860 + R1240) =
NDWI
(MODIS2 – MODIS5)/(MODIS2 + MODIS5)

Gao (1996)
Zarco-Tejada (2003)

Neither NPV(plant litter) nor soil has any unique spectral feature in the visible–near infrared
(400 to 1100 nm) wavelength region (Nagler et al. 2003). Nagler (2003) states that the
average depth of ligno-cellulose absorption is featured at 2.1 µm and can be used for
discriminating plant litter from soil. The Cellulose Absorption Index, CAI, is represented by
more discrete ranges of wavelengths, CAI = 0.5(R2.0 + R2.2) – R2.1, than found in available
MODIS channels. However 2.1 µm is encapsulated within MODIS channel 7.So the
difference in R2.0or R2.2and R2.1has an effect on the average MODIS channel 7 value. The
indication from the analysis of the ground variables suggests that the proportion of scorched
foliage and litter are significantly indicative of fire severity.

Pereira (2003) undertook an assessment of remote sensing capabilities to map burned areas in
tropical savannas. The large area of biomass burnt in tropical savannas (Edwards 2000;
Fearnside 2000; Russell-Smith et al. 2003b; Russell-Smith et al. 2009) produces abundant
emissions of smoke aerosol, purported to be approximately 54% of the total from global
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biomass burning (Dickinson 1993). Smoke aerosol particles range in size from 100 to 1000
nm, making them efficient scatterers of solar radiation. Smoke from biomass burning
contains high concentrations of black carbon making it an absorbing aerosol. Data assessed
by Pereira (2003) from tropical savannas in Brazil and Zambia illustrate that aerosol
transmittance does not exceed 0.1 and 0.5, respectively, in the visible to near infrared
domain. However, transmittance increases exponentially into and through the short wave
infrared domain to 0.75 and 0.9 respectively at 2200nm, suggesting the incorporation of
MODIS channels 6 and 7 into a candidate set of models.

MODIS bands centred at 858 and 1240 nm are applied in the NDWI [(R860-R1240)/(R860 +
R1240)] for vegetation water content estimation (Zarco-Tejada et al. 2003). The MODIS bands
R1240 on the edge of the liquid water absorption and R858, used for normalisation and
insensitive to water content changes, makes this index potentially suitable for global
monitoring of vegetation water content from MODIS (Zarco-Tejada et al 2003). The effect of
atmospheric water vapour and aerosol scattering on R858 and R1240 (MODIS bands 2 & 5) was
demonstrated to cause only small perturbations on these reflectance bands for remote
estimation of water content (Gao 1996).

The aforementioned research, summarised in Table 3.9, suggests a candidate set of models
incorporating MODIS channels 2, 5, 6 and 7. The global algorithm for systematic fire
affected area mapping (Roy et al. 2002) also utilises these same channels. Table 3.10 lists the
models in ascending order of AICC value, their weighted probability of being the best model,
wi, and the R2.
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Table 3.10 AICc model selection results of the significant spectral variables. AICc is the result of the
Information Criterion calculation for small samples. ∆AICc is the difference between the AICc value of
that model and the minimum AICc value of all models; wi is the probability of the model being the best
2
of the set of models; R describes the proportion of the variability explained by the model.
2

AICc

∆AICc

wi

R

LnM2 + LnM6 + LnM7

181.20

0.00

0.20

0.54

LnM6 * LnM7

181.22

0.02

0.19

0.54

LnM2 + LnM6 * LnM7

182.15

0.95

0.12

0.56

LnM6 + LnM7

182.37

1.18

0.11

0.49

LnM5 + LnM6 + LnM7

182.83

1.64

0.09

0.52

LnM6

182.94

1.74

0.08

0.44

LnM2 * LnM6 + LnM7

183.08

1.88

0.08

0.55

LnM5 + LnM6 * LnM7

183.17

1.97

0.07

0.55

Model

The top 8 models are all within 2 AICc. This suggests equal support for various relationships,
where the coefficient of determination is also similar for most models. A strong interaction
between MODIS bands 6 and 7 is evident. There is also a strong influence from MODIS band
2. However, it is clear that the only important variable is MODIS 6 (LnM6).Adding other
variables (i.e. the first 5 models in the list) does not improve the model significantly. As a
rule-of-thumb, if a variable is important, it should decrease AICc by > 2 (Richards 2005).
While the more complicated models explain more of the variation in the response, using extra
variables to estimate those models is not justified. Richards (2005) states that this is the
interpretation of AICc as opposed to R2. Adding variables to a model will always provide a
better model fit. However it is critical that the improvement is sufficient to justify the extra
parameters.
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3.3 Discussion
The metrics of the effects of fire on vegetation vary from one habitat to another. Site
representation was therefore a predetermining element of the analysis. A difficulty faced in
this study was to satisfy the requirement of the sampling to represent the majority of savanna
vegetation. The ANOVA of vegetation structural data indicates that site selection uniformly
represented the known variability in Eucalypt dominated open forest, woodland and open
woodland savanna with FPC defined as 30-70%, 12-30% and 1-12% respectively. At
sampled study sites, the FPC values of the upper stratum covered the range 0 to 48%, with a
mean of 24% (standard deviation = 14%), and for all 3 non-ground strata combined, covered
the range from 4 to 92%, with a mean of 33% (standard deviation = 20%).

The analysis provided a robust method for deriving an empirical model determining the
drivers for ground measurement (Figure 3.1). The proportions of PV and NPV, with the
inclusion of the proportion of foliage scorched by fire, produced the best model from a
candidate set of models attempting to incorporate all 5 significant end members. The
proportion of charred material was not significantly correlated with fire severity and
displayed only a weak correlation with the proportion of scorched leaves. These analyses
clearly demonstrate the insignificance of the proportion of charred material as a driver in any
modelling of fire effects in north Australian tropical savanna open forest/woodland habitats.
Smith et al. (2007) derived ∆NBR and %char from Landsat imagery using linear spectral unmixing analysis and predicted the one-year post-fire canopy condition metric “percentage live
trees” (Smith et al. 2007). The application of these analyses to the tropical savannas would
require the examination of only the Extreme category, as by definition the extreme class is
the only category in which charred upper storey foliage occurs. Although mid storey foliage
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and stems are often charred in high severity fires, charred material in the ground layer
accounts for 94%, 98% and 100% of high, moderate and low severity fires, respectively.
Smith et al (2007) hypothesise that the char fraction value may be considered a potential
surrogate measure of the fire intensity. The analysis in this study can find no such indication
of its utility, except to suggest that in tropical savanna habitats it may indicate the difference
between an extreme and not-extreme fire severity event, as completely charred leaves in the
upper canopy might greatly increase the proportion of charred material if a significant
proportion of PV became and remained charred and was not pyrolised. More data are
required for extreme fire severity events to support this. In this study, charred material was
not evident in the upper canopy at any site. Charred material in the mid storey (2-5m)
accounted for < 0.5%, on average, of total material at high severity events, < 0.3% at
moderate fire severity events, and ~1% at both moderate and low severity events in the lower
(0.5 -2m) storey. This suggests the proportion of total charred material, contained within the
mid and lower storeys (<1%), coupled with the lack of correlation between total %char and
the 3 fire severity classes at sites measured is insignificant.

Spectra were collected successfully at 36 burnt sites and reflectance values from 450 to 2400
nm were averaged over ranges equivalent to the MODIS channels and 2 common indices
(NDVI, NBR) were calculated for each site. Analyses of these variables were undertaken as
for the ground variables. However, initially, a visual assessment of the average value of each
variable within each fire severity category was undertaken. This assisted in developing a
priori information regarding the ability of each variable to differentiate the burnt categories
of the fire severity classes, i.e. excluding data from unburnt sites. The result of the assessment
suggested the development of 2 algorithms was required to differentiate low/moderate (not-
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severe) from high severity (severe) events using ∆NBR. This index can provide an accurate
and potentially useful operational output. Secondly, a simple algorithm using MODIS
channel 6 was able to differentiate low from moderate fire severity.

Further a priori models were derived from the literature for physical phenomena that,
individually or in combination, could be relevant to fire severity class differentiation. Eight
models of the resultant candidate set highlighted the importance of the near infrared if
incorporated into models with the 2 short wave infrared channels (channel 6 and 7 (Table
5.9)). However, through the interpretation of the AICc analysis, there is no justification in
employing such a complicated model when a model exclusively using MODIS channel 6
appears to be equally effective, and best meets the requirement of parsimony.

The best ground based models derived in this analysis suggested incorporating PV and NPV
as effective indicators of fire severity. Average FPC across north Australian tropical savanna
woodland is approximately 30% (Meakin et al. 2001). In the modelling of savanna
landscapes using the SAIL model (Verhoef 1984), canopy foliage made little contribution to
the landscape scale normalised difference vegetation index at sites with tree cover values up
to 60%. Pereira (2003) undertook a simulation using an analytical hybrid geometric-optical
and radiative transfer model, field spectra, satellite and allometric data. He found that
simulation results were insensitive to vegetation structure, again up to canopy cover of 60%,
and the model responded exclusively to the simulated scene background. In a comparison of
various sensors including hyperspectral satellite imagery, MODIS products and flux tower
measurements, Hill et al. (2006), found that compared to the tree canopy and shadow,
understorey components are brighter in the near infrared and much brighter in the short wave
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infrared. Spectral signatures were dominated by understorey grassland and soil except where
canopy cover > 50% (Hill et al. 2006). These studies and the results from this study highlight
the importance of the understorey components in characterising fire severity for the majority
of the tropical savannas of northern Australia.

3.4 Conclusion
Advances in automated burnt area mapping in the last decade provide researchers with the
opportunity to develop algorithms for automation solely within burnt areas using remotely
sensed information. Differentiation of fire severity classes enables a more robust assessment
of fire affected landscapes. This is the premise from which this study has based the analysis
of field spectra to categorise fire severity. In this study, the ground layer, sampled at unburnt
sites (n = 5) across the 3 regions, consisted of 24% PV, 67% NPV (including senescent
grasses) and 9% bare soil, whilst of the total PV, 44% occurs in the upper canopy, 11% in the
mid storey (2-5m), 8% in the lower storey (0.5-2m) and 37% in the ground layer. Therefore
10% of all measureable area is upper canopy PV, and 15% is woody canopy. The inference
here is that although PV (%green) is the variable most affected by fire severity, it is not the
dominant cover type in the landscape. As a result, for airborne or satellite borne sensors,
NPV, including scorched leaves, is the most proportionate component, dominating the
reflectance signal of unburnt vegetation and the range of burn severities.

The measurement of the end-members separated by stratum provides useful information
describing vegetation structure implicitly. Ground data collection should continue to include
values for all components for each stratum. Additionally scorch height, tree height, basal area
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and projected foliage cover need to be collected. Vegetation structural differences are
strongly correlated to the time since the vegetation was affected by fire, with the various
differences accounted for by the frequency and severity. Scott et al. (2009) studied the effect
of a series of environmental variables on grass species richness and abundance in tropical
savanna woodland. Plant available moisture, woody-vegetation structure (midstorey stem
density, canopy cover and litter cover) and long-term fire frequency were significant and
indicative correlates(Scott et al. 2009). Models such as FLAMES, a semi-empirical tree
population dynamics model developed for north Australian savanna (Liedloff and Cook
2007) can be used to examine the interactive effects of fire and rainfall variability on tree
population dynamics, stand structure and productivity Such models could incorporate more
detailed fire histories with the inclusion of fire severity which strongly influences tree
recruitment and regeneration processes in savanna (Lehmann et al. 2008).

Whilst the results of these analyses are useful in themselves, they need to be developed into
an operational tool, as calibration for satellite imagery. In Chapter 4, the suitable post-fire
period for application of the models will be determined. In Chapter 5, the models developed
from these analyses will be used to calibrate a satellite image time series covering much of
the 2009 fire season, whilst an independent ground truth dataset will be used to validate the
models.

74

Chapter 4
The Temporal Window of Applicability of the Fire Severity Algorithm
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4.0 Chapter outline
The algorithm categorising fire severity via the sampling method, as described and developed
in Chapters 2 and 3 respectively, uses reflectance measurements collected the first day postfire. What is unknown is the period post-fire when the algorithm can be applied with
certainty. During the fire season in northern Australia the majority of photosynthetic
vegetation is present in the evergreen eucalypt-dominated upper canopy (Hutley et al. 2000).
The mid and lower strata support a preponderance of deciduous, semi- and brevi-deciduous
juvenile trees, and shrubs (Turner et al. 2002), whilst the majority of NPV occurs in the
ground stratum (Scott et al. 2009). The leaf arrangement of dominant upper canopy species is
erectophile (King 1997). Post-fire scorched foliage is gradually shed, ostensibly converting
the leaf arrangement to planophile. Re-flushing to various degrees also occurs soon after fire
(Williams et al. 1997). Leaf drop and accumulation on the soil surfaces increases albedo
across the optical spectrum, with the potential for misclassification. Unfortunately no
helicopter based spectra were available more than a day post-fire. Therefore there was no
way of testing this theory against high resolution, geolocated, spectra so inferential analyses
will have to be made. In this Chapter, observations of post-fire leaf fall, area and rate of
accumulation were made, along with a post-fire time series of site photographs to determine
the temporal nature of canopy dynamics post-fire. These measures are compared with
previous observations of albedo pre- and post-fire to thoroughly examine the period of
applicability of the algorithms used for mapping fire severity from satellite imagery in the
tropical savannas of northern Australia.
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4.1Introduction
The canopy of the tropical savanna habitats of northern Australia is dominated by eucalypts.
In high rainfall (> 900 mm) and well drained sites, the dominant species in the over storey
include E. miniata (Darwin Woolly Butt) and E. tetrodonta (Darwin Stringy Bark), forming
open forest, woodland and open woodland structural classes in the higher rainfall zones (Fox
et al. 2001). These two species typically contribute 80% of the leaf area index where they
dominate (O'Grady et al. 1999). Eucalypts are generally evergreen, and pendulous, with a
low leaf to ground area ratio, whereby light penetration is high as compared to other forest
stands of similar stature (King 1997). In these two evergreen species growth occurs
perennially (Williams et al. 1997) with a minor peak in the early dry season (May-June) and
a major peak in the Build-up (October-November). Importantly, leaf angle is erectophile
(King 1997).

To examine the potentially rapid shifts in albedo post-fire, detailed structural and floristics
assessments were made at 49, 50 m x 5 m sites located at the 3 sampling areas (Figure 2.1).
In particular, the degree of deciduousness was of interest as this determines the rate of litter
accumulation and potentially the canopy leaf shed post-fire. Table 4.1 describes the incidence
of the 4 phenological functional groups of trees sensu (Williams et al. 1997). Evergreen
species in total represent 71% of stems, whilst E. miniata and E. tetrodonta alone represent
45% of all stems and occur at 67% and 90% of sites, respectively. The high level of
occurrence of E. miniata and E. Tetrodonta suggests that an erectophile concolourous leaf
habit dominates the sites used to assess tropical savanna canopy, and will therefore dominate
remotely sensed spectral signatures.
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Table 4.1 Phenological plant groups and their incidence at 49, 50m x 5m plots established at the
three sampling locations in Figure 5.1. Phenological guilds are derived from definitions of Williams et
al (1997).
no. of
stems
18
59
2
3
98
179
31
1
47
438

% of
stems
2.9
9.5
0.3
0.5
15.8
28.9
5.0
0.2
7.6
70.8

no. of
sites
5
6
1
1
33
44
6
1
5

% of
sites
10.2
12.2
2.0
2.0
67.3
89.8
12.2
2.0
10.2

Brevi-deciduous species
Alstonia actinophylla
Calytrixexstipulata
Corymbia bleeseri
Corymbia kombolgiensis
Corymbia oocarpa
Corymbia porrecta
Eucalyptus ferrugenia
Totals

1
1
7
3
12
11
1
36

0.2
0.2
1.1
0.5
1.9
1.8
0.2
5.8

1
1
4
1
5
8
1

2.0
2.0
8.2
2.0
10.2
16.3
2.0

Semi-deciduous species
Alphitoniaexcelsa
Corymbia clavigera
Eryhtrophloeum chlorostachys
Persooniafalcata
Petalostigma achaeta
Syzigiumsuborbiculare
Xanthostemonparadoxus
Totals

1
4
62
1
1
1
1
71

0.2
0.6
10.0
0.2
0.2
0.2
0.2
11.5

1
3
16
1
1
1
1

2.0
6.1
32.7
2.0
2.0
2.0
2.0

Fully deciduous species
Buchanania obovata
Cochlospermumfraserii
Cycas armstrongii
Ficusopposita
Gardenia resinosa
Terminalia ferdinandiana
Totals

3
5
21
4
1
40
74

0.5
0.8
3.4
0.6
0.2
6.5
12.0

3
2
10
3
1
14

6.1
4.1
20.4
6.1
2.0
28.5

Evergreen species
Acacia latescens
Acacia oncinocarpa
Callitris intratropica
Corymbia ptychocarpa
Eucalyptus miniata
Eucalyptus tetrodonta
Livistonia humilis
Oweniavernicosa
Pandanus spiralis
Totals
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Photosynthetic vegetation is affected by fire through two mechanisms referred to by Gill et al
(1999) as leaf char and leaf scorch. In leaf scorching, foliage is affected by the radiant heat of
the fire, not directly by the flaming combustion. There is no pyrolysis, the leaf is not
consumed, but the foliage is dehydrated and the chlorophyll destroyed. In leaf charring the
foliage is directly affected by the flame and partially or completely pyrolised, and is thus
charred.

In temperate eucalypt dominated landscapes the persistence of the detectable effect of fire on
vegetation would appear to be measurable in years (Chafer et al. 2004; Hammill and
Bradstock 2006), and similarly in mesic pine forests (Holden et al. 2009). In boreal habitats
annual image acquisition would appear to suffice (French et al. 2008). In central Australian
arid habitats scars remain visible for many years, even decades (Allan 1999). However, in the
tropical savannas fire scar persistence is intra-seasonal so that the timing of image acquisition
has thresholds of only weeks. Bowman et al. (2003), using imagery from the Landsat TM
sensor, employed and assessed a mixture of techniques in an attempt to assess fire mapping
methods. Although the absolute result is unreliable, based on the mapping techniques
employed, they describe a persistence of burnt areas as a maximum of 100 days. Other
studies in the region suggest that the persistence of fire affected areas in tropical savanna
landscapes is far less. Edwards et al. (2001) suggest a window for satellite image acquisition
of no more than 6 weeks in the early parts of the dry season and 10 weeks in the late dry
season, but only prior to the rapid increase in early wet season humidity due to pre-wet
season canopy flushing. This is due to the rapid post-fire re-sprouting ability of Eucalyptus
and Corymbia species of Australian savanna.
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Other studies incorporating fire history mapping at Landsat scales suggest a temporal spacing
between acquisitions in the tropical savannas of a similar period, acquiring, where possible 2
images in the early dry season, from May to July in tropical savannas of the southern
hemisphere (Edwards et al. 2001; Edwards et al. 2003; Edwards and Russell-Smith 2009;
Fisher et al. 2003; Pereira 2003; Price et al. 2007; Russell-Smith et al. 1997; Yates and
Russell-Smith 2003). Frequent image acquisition is prevalent in a number of African studies
summarised by Pereira (2003), where, in an intercontinental comparison, recovery to pre-fire
albedo occurred 6 weeks after fire, and in another instance red, NIR and NDVI reflectance
had recovered to 75%, 55% and 45% after 11 days.

Surface albedo is the fraction of incoming sunlight reflected by surfaces on the Earth
integrated over a specific range of wavelengths for all possible view angles (Jin et al. 2003).
It characterises the radiative property of the surface and the ratio of radiant energy scattered
upward. It is important as it controls the amount of solar energy absorbed by the surface
(Román et al. 2010). In the only continental scale albedo change assessment, by Jin and Roy
(2005), found an overall shortwave albedo change of -0.024 across 56% of the Australian
continent encompassing the tropical savannas during the fire season (March to November) of
2003. It is proposed that the change in leaf arrangement due to leaf fall will increase the
amount of exposed NPV (scorched leaves) and reduce the amount of exposed char and bare
soil (Trigg et al. 2005). The reflectance signal will be increased across the optical spectrum.

Beringer et al (2003) described the change in albedo (measuring incoming and reflected short
wave and incoming and emitted long wave radiation) during two savanna fires of differing
severity, occurring on the 6th and 26th August, 2001 in the Darwin rural region, 30km east of
Darwin.
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0.15
0.13

Albedo

0.11
0.09
0.07
0.05
0.03
0.01
0

pre-fire

fire

post-fire: …next day…….. 2 to 3 days post-fire……....a week or more post-fire

Time
Figure 4.1 Illustration of post-fire leaf fall effects on a graph of albedo through time.
Time moves forward from left to right. Typical dry season conditions exist pre-fire,
photosynthetic material in the canopy and senescent grasses in the understorey. Fire
occurs, canopies are scorched, albedo decreases. The few days post-fire albedo
begins to increase, leaf fall commences. A week or more post-fire leaf litter partially
covers the ground, albedo has increased markedly and re-sprouting may have
occurred. Albedo data adapted from (Beringer et al. 2003).

The measurements by Beringer et al. (2003) of leaf scorch height (2.5 m, 26 Aug. and 13.5m,
6 Aug.) and leaf char height (0.5m, 26 Aug. and 2.5m, 6 Aug.) indicated fire severity for
these events was moderate and high, respectively. Albedo was measured using an
Albedometer and its recovery plotted for 38 days post-fire. Prior to the fire, albedo was 0.11
and 0.12, post-fire (next day) albedo was 0.06 and 0.07, at the moderate and high severity
sites respectively. Of interest to this study is the change in albedo in the days subsequent: at
both sites there is a steady increase in albedo. However there was a marked increase in albedo
on the seventh day post-fire after which the increase is again steady (Figure 4.1). These data
indicate reflectance spectra will be markedly affected in a relatively short time post-fire
largely due to the accumulation of highly reflecting leaf litter post-fire. As the data to create
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the fire severity mapping algorithm were collected immediately after the fire, to reduce these
influences, the temporal threshold of algorithm applicability needs to be determined.

4.2 Methods
The temporal threshold for applicability of the algorithm was assessed by combining the
results of 3 separate sets of analyses. The first analysis combines measures of the rate of leaf
fall, mean leaf mass and mean leaf area to characterise leaf ground coverage. In the second
analysis a long term series of albedo measurements is analysed encompassing 6 fire events,
pre and post-fire. The third analysis is an examination of a time series of post-fire site
photographs for visual verification of the post-fire ground cover change due to the
accumulation of scorched leaves and flushing vegetation.

4.2.1 The leaf fall measurements
On the 2nd of May 2009 a prescribed burn was undertaken under the supervision of Bushfires
NT (the rural fire authority of the Northern Territory), at the CSIRO (Commonwealth
Scientific and Industrial Research Organisation) property in Darwin, Northern Territory,
Australia (12° 24‟ 35.7”S 130° 55‟ 12.4”E).
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Figure 4.2. A long unburnt site (8 years) at the CSIRO property, Darwin, Northern
Territory, Australia. Note: a dense midstorey (2 - 5m); the absence of grasses, forbs
and herbs.

This offered a timely opportunity to characterise leaf fall. The site, being relatively long
unburnt (8 years), contained a fuel architecture with high levels of leaf and stem litter (Figure
4.2) and relatively dense lower and mid storey woody species providing high levels of fuel
and produced a high severity fire. The long unburnt canopy foliage in all 3 non-ground strata
provided a much greater than average incidence of leaf fall, providing maximum conditions
to measure the minimum temporal window in which to apply the fire severity algorithm. The
forest area burnt was 8.7 ha, an area large enough to develop the momentum required for
complete combustion of near equal fire severity throughout, and a large enough area for
robust statistical sampling.
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Prior to the fire 3 x 100 m transects were measured using the methods outlined in RussellSmith et al. (2009). Fire weather conditions were optimal to produce a moderate to high
severity fire under safe conditions. Maximum temperature on the day was 33.6 ºC, relative
humidity at 9am was 61% and at 3pm, 39%. Maximum wind gust was easterly at 37 km/hr,
and occurred at 14:36. The fire was in the early dry season, lit during the prescribed burning
period, commencing at approximately 3pm with 2 perimeter burns commencing from the
western end, heading east slowly on the northern and southern sides (Figure 4.3). Post-fire,
two sets of measurements were conducted simultaneously, measuring the rate of leaf fall, and
the mass of leaf.

4.2.1.1 Rate of leaf fall
Figure 4.3 depicts the CSIRO property and the 10 leaf fall traps on an east-west transect
~40m apart. Each trap is a plastic container 33cm in diameter, providing a total sampling area
of 0.86 m2. Each day, post-fire, for 21 days, at approximately 16:00 hours, the number of
leaves in each of the 10 traps was counted and removed.
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100m
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100m

100m

100m

N
Figure 4.3. The CSIRO property: leaf fall experiments. The 10 leaf fall traps are indicated. (Image acquired from Google Earth).
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4.2.1.2 Mass of leaf fall
Quadrats (1 m x 1 m) were placed in the vicinity of 5 of the leaf fall traps in the burnt area at
approximately 40 m intervals. Five, 1 m x 1 m quadrats were placed approximately 40 m
apart in a long unburnt area to the south-west. Figure 4.4 contains a series of photographs of
Burnt site 5 and Unburnt site 5.

The results of both leaf fall experiments were combined to calculate the mean mass of leaf
litter shed over the 19 day period, to derive the mean mass of a single shed leaf, and the
cumulative mass of leaf litter shed each day post-fire. Finally, the possible area covered by
shed leaves was calculated using the relationship between daily leaf mass shed and leaf mass
area (LMA) from Table 4 in (Prior et al. 2003). This was undertaken to estimate the post-fire
cumulative area of scorched leaves as this process is thought to be the main driver of the
recovery in albedo post-fire.
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 4.4. Photo examples of the 3, 1 m x 1 m quadrats in the leaf accumulation/decomposition comparison experiment at the CSIRO
property: (a) overview of burnt site 5; (b) the fenced quadrat at burnt site 5; (c) the unfenced quadrats at burnt site 5; (d) overview of
unburnt site 5; (e) the fenced quadrat at unburnt site 5 and; (f) the unfenced quadrats at unburnt site 5. The fire event occurred on the
nd
st
2 May 2009, the quadrats were first measured on the 21 May 2009.
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4.2.2 Assessment of albedo
A continuous set of albedo data were collected at 30 minute intervals at the Howard Springs
research site from August 2001 to September 2006, encompassing 6 fire events. Albedo data
collection methods are outlined in Beringer et al. (2003). Each year a fire of low to moderate
severity was intentionally prescribed for the site. Of the 6 fire events only 2 had noticeable
effect on the albedo at the tower due to the distance of fire from the tower, as the area in the
immediate vicinity (20 to 30 m) of the tower was subjected to low intensity fuel reduction
burns and fuel removal to protect the tower, meteorological and eddy covariance instruments.
The tower albedo measurements are here used as a surrogate for satellite reflectance.

4.2.3 Assessment of post-fire site photographs
In the process of the ground sampling method, photographs were taken of each site. In some
instances, when the opportunity arose, sites were re-visited a week or more post-fire (Figure
4.6). Photos of the leaf fall sites were taken daily (Figure 4.7). A visual analysis (estimate of
percent cover) of the changes in PV and ground leaf litter cover over time was undertaken.
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(a)

(d)

(b)

(c)

(e)

(f)

Figure 4.6. Photos of sites at various times post-fire: (a) 1 day after the fire; (b) 2 days after the fire; (c) 3 days after the fire; (d) 4 days after the fire; (e) 7
days after the fire and (f) 8 days after the fire. In photo (a) in the right hand foreground is the stem of Cycas armstrongii 1 day after fire with foliage completely
removed by the high severity fire, the same species is completely re-foliated in photos (e) and (f) a week after the fire; 2. photo (b) occurred in the early dry
season and there is no upper canopy scorch, all other photos occurred in the late dry season and contain some degree of canopy scorch.
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(a)

(b)

(c)

(f)

(d)

(e)

Figure 4.7. A series of photographs depicting the increase in foliage on the ground over time post-fire at the CSIRO property, Darwin,
rd
th
th
th
Northern Territory, Australia: (a) 3 May (the day after the fire); (b) 5 May 2009 (3 days post-fire); (c) 6 May 2009 (4 days post-fire); (d) 11
th
th
May 2009 (9 days post-fire); (e) 13 May 2009 (11 days post-fire) and; (f) 16 May 2009 (2 weeks post-fire). Note in the final photo there is
evidence of an extensive number of scorched leaves retained in the canopy.
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4.3 Results
Although the CSIRO site was unusually long unburnt, species were representative of tropical
savanna. Table 4.2 lists the species identified within sites, and their counts within 5 size
classes. The adult size class, standing trees with DBH > 5 cm, is dominated by savanna
woodland species (E. tetrodonta and Livistona humilis). The lower 3 strata are dominated by
species from savanna open forest (Livistona humilis, Petalostigma quadriloculare).

Table 4.2. Counts of plant species within 5 size classes at the CSIRO long unburnt site sampled in
May 2009. [NB dbh = diameter at breast height = 1.3m above the tree base]
Species

Size class:

> 5 cm dbh

>2m

1 - 2m

0.5 - 1m

Acacia auriculiformis

18

7

6

5

Acacia oncinocarpa

1

15

2

7

Alphitoniaexcelsa

1

5

2

Ampelocissusacetosa

16

Brachychiton diversifolias

2

Breyniacernua

1
5

Buchanania obovata

2

Cycas armstrongii

4
1

Distichostemonhispidulus
Eucalyptus miniata

3

Eucalyptus tetrodonta

12

Ficusaculeata

2

Ficusopposita

2

8

1

3
5

1
2

1

3

1

Flueggiavirosa

1

Grevillea dryandri

1

2

Livistona humilis

12

6

Pandanus spiralis

5

3

Persooniafalcata

2

4
4

3

4

19

248

5

21

Pogonolobusreticulatus
Terminalia ferdinandiana

4
30

Petalostigma quadriloculare
Planchonia careya

<0.5m

12
6

4
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4.3.1 Leaf fall coverage
Fallen foliage was collected from the 10 leaf traps each day. The fire was categorised as high
severity from the post-fire site conditions, 8m scorch height and 100% consumption of fine
fuels (grass and litter fuels), from the definition given in Figure 2.2 (Edwards 2009). Leaf
litter samples were collected on 21st May, 19 days post-fire, dry weights of shed foliage in the
burnt sites were subsequently calculated. The mean mass of leaf litter measured at the 5 burnt
quadrats was 108g/m2. The total number of leaves collected in the leaf fall traps over the
same period was 277 in a sampling area of 0.86 m2. Therefore the mean mass of a single leaf
is 0.33g.

Prior et al. (2003) measured individual leaves of 24 species at sites in 4 distinct habitats
common in the Top End of the Northern Territory. Amongst other measurements, LMA was
measured for 3 leaves from each of 6 trees per species per site. Representative adult species,
from Table 4.2, were selected. The proportion of total leaves from each species was
calculated. Where available, the LMA values from Prior et al. (2003) were selected. Where
not available, the mean LMA value for available species was applied (Table 4.2). The total
LMA (LMAT) for all leaves is 128 g m-2.
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Table 4.3. The list of adult species representative of leaf litter fall after the CSIRO fire May 2009. The
proportion is calculated from the total count of a species, LMA values from Prior et al. (2004) where
available. For remaining species, a mean LMA value (*) was assumed. LMAS is the amount that a
species contributes to the total LMAT.
Species

-2

-2

Adult count

Proportion

LMA (g m )

LMAS (g m )

Acacia auriculiformis

18

38%

105

40

Acacia oncinocarpa

1

2%

123*

3

Alphitoniaexcelsa

1

2%

123*

3

Eucalyptus miniata

3

6%

123*

8

Eucalyptus tetrodonta

12

26%

182

47

Ficusaculeata

2

4%

123*

5

Planchonia careya

4

9%

84

7

Terminalia ferdinandiana

6

13%

121

15

SUM

47

128

Table 4.3 describes the number of leaves counted daily over the 19 days, and the number,
mass and area of daily leaf fall and a total for the period. In the 19 day period over a tonne of
leaves per hectare was shed, approximately 3.2 x 106leaves/ha. On this basis, the potential
ground cover from fallen leaves is a maximum of 83%, assuming no leaf overlap. Canopy
area was calculated for the 5 burnt CSIRO sites, and was 50%. By applying a 50% fallen leaf
overlap, and re-interpreting the total cumulative leaf area from Table 4.4, then 7 days after
the fire (9th May) there is 20% of ground coverage of scorched leaves.
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rd

st

Table 4.4. Rates of leaf litter accumulation from the 3 to the 21 May 2009.
2
NB Leaves are collected from 10 x 33cm diameter traps, sampling area = 0.86 m ; the mass of a
single leaf is calculated from the total mean mass of leaves/ha and total number of leaves/haand was
-2
0.33g. Mean leaf area derived from Table 4.3 was 128 g m .

total

n/ha

total leaf
mass

leaf count

=n/0.86*1E4

= x*0.33*1E-6

(x)
255,184

(t/ha)
0.084

(m /m )

(m /m )

4th May

(n)
22

0.07

0.07

5th May

24

279,070

0.092

0.07

0.14

6th May

25

290,698

0.096

0.08

0.21

7th May

39

453,488

0.150

0.12

0.33
0.34

Date

total leaf
area
=TLM/LMAT
2

2

total leaf
area
cumulative
2

8th May

4

46,512

0.015

0.01

9th May

19

220,930

0.073

0.06

0.40

10th May

9

104,651

0.035

0.03

0.43

11th May

25

290,698

0.096

0.08

0.50
0.64

12th May

48

558,140

0.184

0.14

13th May

3

34,884

0.012

0.01

0.74

14th May

30

348,837

0.115

0.09

0.76

15th May

5

58,140

0.019

0.01

0.77
0.79

16th May

4

46,512

0.015

0.01

17th May

8

93,023

0.031

0.02

0.82

18th May

9

104,651

0.035

0.03

0.83

19th May

1

11,628

0.004

0.00

0.83
0.83
0.83

20th May

1

11,628

0.004

0.00

21st May

1

11,628

0.004

0.00

277

3,220,930

1.063

Total

94

0.83

2
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4.3.2 Albedo
The results of the albedo measurements encompassing the two fires (EDS fire in June; LDS
fire in August) are given in Figure 4.8. The immediate response in both instances is a
reduction in albedo. There would appear to be a seasonal, and therefore fire severity, effect in
the degree of reduction, between the EDS June fire as compared to the LDS August fire.
Albedo steadily increases in the days subsequent to the fire. By day 7 it has returned to 34%
and 21% of the original value for the 2004 and 2005 fires, respectively.

0.180
08/2004
06/2005

Albedo

0.160

0.140

0.120

0.100

0.080
-3 -2 -1

0

1

2

3

4

5

6

7

8

9

10 40 70 100

Days from fire event

Figure 4.8.Albedo measurements encompassing 2 fire events at the Howard Springs
Research Site, August 2004 and June 2005. (Unpublished data Beringer and Hutley).
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4.3.3 Photo interpretation
Figure 4.6 represents a time series of photographs taken at a selection of sites some days
post-fire. The fire severity for each site in these example photographs was high, except
photograph (b) a low/patchy severity fire from May 2007. This site photograph was selected
to contrast the different effects of a high versus a low severity fire. In photograph (b)
scorched leaves remain abundant in the lower and mid strata having only been effected by the
heat of the fire (scorched) and not fully nor partially pyrolised (charred). By comparison there
are few such scorched leaves in the lower strata in photographs (a), (c) and (d) and a low
percentage change in the driving variables such as the photosynthetic or non-photosynthetic
vegetation.

Photographs (e) and (f), were captured 7 and 8 days post-fire, respectively, obvious reflushing of many of the lower and mid storey species has occurred, particularly the Cycas
armstrongii and other woody perennials, dominated at these sites by mid storey trees
Erythrophleum chlorostachys (Ironwood) and Planchonia careya (Cocky Apple) and
juveniles of Eucalypt miniata (Darwin Woolly Butt)and Eucalyptus tetrodonta (Darwin
Stringy Bark). There is however notably little flushing in the upper stratum. Instead much of
the scorched foliage remains unshed even with approximately 20% of the ground covered in
recently shed scorched leaves. The proportions of PV in the lower and mid storeys, and NPV
on the ground, have increased and, interestingly, correspond with proportions of such
components at patchy and low fire severity sites. Notably absent, unfortunately, are
photographs and measurements representing 5 or 6 days post-fire, to provide an exact date of
change. However this photographic time series provides evidence that significant change
affecting the applicability of the algorithm occurs in this time period.
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4.3.4 Characterising the algorithm applicable period
The daily count of leaves shed at a site previously long unburnt suggests that over the 19 day
post-fire period ~1 t ha-1 of leaves was shed, a leaf area per ground area (m2/m-2) of 0.83
(disregarding overlap). After 7 days, the proportion of ground covered by scorched leaves
was between 20%, assuming 50% leaf overlap, and 40% assuming no overlap.

At the Howard Springs flux site, a similar savanna type to the CSIRO site, albedo was
measured prior to and for the days subsequent to the occurrence of a low and moderate
severity fire (Beringer et al. 2003). Albedo was dramatically reduced in both instances, more
so for the higher intensity fire. However the percentage rate of recovery to the pre-fire state
was double for the higher intensity fire and after 7 days the albedo values were similar.

The photo series provided a means of qualitatively assessing both the flushing of leaves and
the accumulation and arrangement of scorched leaves on the ground. The transfer of NPV
from the canopy to the ground changes the leaf arrangement from erectophile to planophile,
such that other components, bare soil, charred material and ash, are reduced and therefore the
proportion of reflectance in all spectra is increased. This change is offset by flushing which
would reduce albedo. Although flushing was absent on day 4 it is notably present on day 7,
suggesting these events occurred during days 5 and/or 6.

The combined results of the experiments indicate marked change in the albedo between 5 to7
days post-fire. Albedo would seem to increase linearly, probably due to leaf fall, so that the
representativeness of the algorithm might reduce its applicability similarly. However, the
assessment of post-fire site photographs suggests that there is another considerable change,
perhaps unique to the high humidity and temperature of the tropics, where, in the initial week
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post-fire, re-flushing of ground shrubs and grasses occurs followed a short time later by reflushing of larger shrubs and trees. There is marked change occurring 5 to 6 days after the fire
event. And this then is the optimum time within which to apply an algorithm developed from
data collected the day after the fire event.

4.4 Discussion
Remote sensing of fire severity is a relatively new area of research (Pereira 2003). Recent
studies to map fire severity through remote sensed products have been successful in applying
such indices as ∆NBR (Allen and Sorbel 2008), ∆LAI (Boer et al. 2008), and ∆NDVI (Chafer
et al. 2004) to create multi-temporal difference images to calibrate high resolution Landsat
imagery. However, none of these studies have defined the temporal threshold whereby the
ground measurements of ecosystem responses are still applicable at the time of image
acquisition. The concept of a temporal threshold is perhaps less critical in habitats where
ecosystem response is slower. For instance Hammill and Bradstock (2006) reported that there
was sufficient information available to characterise the fire severity 12 to 26 months post-fire
in the dry sclerophyll eucalypt habitats of the Blue Mountains, west of Sydney in southeastern Australia. In contrast, post-fire ground sampling in the Mediterranean pine dominated
forests of northern Portugal, north-western and central Spain, using the modified GeoCBI,
occurred 7 to 12 weeks post-fire (De Santis and Chuvieco 2009). Holden et al. (2009)
acquired ground data for assessment of a Landsat image for fire severity mapping some 7 to 9
months after the acquisition of the image in the mesic mixed-conifer forests of Gila National
Forest in New Mexico, USA. In the boreal forests of the Yukon-Charley Rivers National
Preserve of Alaska, USA, ground data were collected up to two years after the fire events
(Allen and Sorbel 2008). For the CBI method Key and Benson (2006) recommend ground
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data collection during the first growing season post-fire. The authors state that sampling two
years post-fire had no negative impact on their ability to determine burn severity in the
predominantly forested systems.

These studies have all used expert knowledge to determine an acceptable temporal threshold
whereby ground data and spectra correctly represent the effects of a fire on the fuels, soils
and vegetation. In essence, the immediacy in image acquisition determined for tropical
savannas might not be required in other habitats.

In the tropical savanna as observed in this study, application of the algorithm needs to occur
within 5 to 6 days post-fire given the dramatic change in albedo and spectral analysis outside
this period would lead to erroneous severity classification. Automated detection will be key
to the utility of a product for north Australian land managers. The current global automated
algorithm requires a minimum of 7 observations in a 16 day period (Roy et al. 2005). The
algorithm developed in this study to assess the spectral information was collected 1 or 2 days
after the fire. The processing would require a retro-assessment based on the first date of
detection of a confirmed fire affected pixel. There are factors such as cloud, smoke aerosols
and view zenith restricting image acquisition. Roy et al. (2005) state that images acquired
with view zenith angles > 45° are not used. The smaller the angle the greater is the
improvement to burned-unburned separability but at the cost of reducing available
observations. Jin et al. (2003) assessed the results of a MODIS derived BRDF model
employed to map global albedo, collected over 16 day periods. They found between 60°S and
60°N from 14 and 29 September 2001, 50% of pixels acquired less than 6 clear observations.
In an analysis of the latitudinal distribution of terrestrially masked imagery over the same
time period, the equatorial region, 10°S to 10°N, displays the lowest frequency of retrieval
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with 70% of pixels obtaining < 4 clear looks. In the region covering north Australia (10°S to
20°S) this was approximately 35% of pixels. This equates to an average of two images per
week, but seasonality of cloud free image availability would favour image acquisition in the
early dry season. Cloud cover during the fire season is on average 25% across northern
Australia as opposed to 75% in other periods including late September (Jin et al. 2003).
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5.0 Chapter outline
In this chapter the algorithm for fire severity mapping, developed in Chapter 3, will be
applied to satellite imagery from the MODIS sensor for a sub-region in the tropical savannas
of northern Australia. A burnt area mask will be applied from BRDF derived burnt area
mapping, described in Chapter 2, within a week of each fire event as determined in Chapter
4. An accuracy assessment will be undertaken of the burnt area mapping, and the fire severity
classifications, using randomly stratified aerial validation points. Initially a brief history of
the development of fire related map products for north Australia will be given, by way of
providing context and as an explanation of the importance of a fire severity map product to
future management and research.

5.1 Introduction
The NAFI burnt area mapping is used to inform land managers of the occurrence, frequency
and seasonality of fire. Currently, however, the effects of fires on vegetation, the fire severity,
is only inferred, based on site fire history and the seasonality of the event. Russell-Smith and
Edwards (2006) demonstrated that the severity with which fires affect tropical savanna
vegetation has a reasonable correlation with the seasonal occurrence of fire (Russell-Smith
and Edwards 2006). They developed levels of probability of fire severity for the 3 main
portions of the fire season (early (EDS), mid (MDS) and late dry season (LDS)) based on
data from 719 fires at 178 permanent plots over 10 years. They illustrated that although there
was a 70% probability for EDS fires to be of low severity, over 30% of fires in the EDS, over
all communities, were of moderate (~25%) and a small fraction of high severity (~5%).
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Interestingly, although outside the scope of this study, in biodiversity-rich fire-sensitive
sandstone heath communities, moderate and high severity fires constitute ~70% of fires in the
EDS (Edwards and Russell-Smith 2009; Russell-Smith 2006; Russell-Smith et al. 1998).

Given the analysis of Russell-Smith and Edwards (2006), relying on season alone to predict
fire severity is inadequate for effective fire management. The discrimination and prediction
of fire severity is important for aerial prescribed burning. Price et al. (2007) studied the
efficacy of firebreaks to halt LDS wildfires. Only where repeat or extensive burn lines with
complete understorey combustion occurred was there 100% efficacy of halting deleterious
LDS fires. Fire severity categorisation of these burn lines indicates their combustion
completeness and therefore efficacy. In the same region greenhouse gas emissions estimates
have been calculated by field measurements of burning efficiency in the various habitats for
each fire severity category (Russell-Smith et al. 2009). The mapping of fire severity,
according to Russell-Smith et al. (2009), would provide for a more succinct calculation of
greenhouse gas emissions across the extensive landscapes over all of northern Australia, far
more reliably than the seasonality surrogate currently in use. Clearly an algorithm is required
to characterise the severity with which fires affect the tropical savanna vegetation. This
mapping product will ultimately be made available through the NAFI website to land
managers to assist in fire management planning, greenhouse gas emissions calculations and
conservation land management assessment. The application of such an algorithm is the
subject of this chapter.
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5.2 Methods
The spatial analytical processes for the calibration and classification of fire severity are
outlined in Figure 5.1. Automated burnt area mapping was used to mask a time series of
MODIS imagery for the Kakadu National Park subregion (KNPss) (Figure 5.2). The accuracy
of these mapping data was first assessed using aerial validation points (VPs) from a randomly
stratified transect, categorising fire severity within burnt areas, then further masked with a
semi-automated MODIS-derived burnt area mapping dataset. The fire severity algorithms
derived in Chapter 3, were applied to the time series of MODIS images, for the 2009 fire
season from April to 15 August, for each acquisition date where burnt areas were mapped.
Severity class ranges were used to classify the images, firstly in the determination of a 2 class
classification, severe versus not-severe, by applying the pre/post-fire ∆NBR. Secondly, a 3
class classification was derived by applying the pre and post-fire difference of MODIS
channel 6 (∆R1640) only within the “not-severe” category of the ∆NBR classification. The
final mapped products were assessed for accuracy with validation points.
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I n p u t
Validation
Points

Validation data
over the region
16 Aug 09

D a t a s e t s

Imagery

Satellite images:
1 Apr to 15 Aug
2009

automated
burnt area
mapping

Processing Steps
Masking

Images clipped to subset assessment area in
Kakadu National Park (KNP) and west Arnhem
Land (WAL) KNPss

Image
Selection

Image dates incident with fire occurrence & with
a mean view zenith angle < 15° selected only
from the Terra satellite

Masking

Image data clipped to burnt areas mapped from
automated (Maier 2005) and semi-automated
methods

Calculation

Classification

Extraction

Calculation of Normalised Burn ratio:
(R2.1 – RNIR)/ (R2.1 + RNIR) and differenced with
most recent unburnt image to create ∆NBR
Apply calibration threshold to create binary
classification (severe v not-severe)
Extract “not-severe” category for more detailed
classification

Calculation

Derivation of MODIS channel 6 reflectance
values: (R1680) and differenced with most recent
unburnt image to create ∆R1680

Classification

Apply calibration threshold to create 3 category
classification (low, moderate, high)

O u t p u t

Validation

3 Class
Fire Severity
Classification

D a t a s e t s

Accuracy assessment of fire
severity mapping using
validation points

Binary
Fire Severity
Classification

Figure 5.1. Flowchart of the spatial analytical process, fire severity mapping,
algorithm development and accuracy assessment.

105

Fire
Mapping

5. Application of the Savanna Fire Severity Algorithm

5.2.1 Sampling the validation transect
Validation data provides an accuracy assessment of the remotely sensed fire severity
classification, an essential step in the process (Figure 5.1). Edwards (2001) outlines in detail
the methods for the collection of validation points (VPs) from a helicopter flying at a
recommended velocity (~150 km/h) and height-above-ground (~150 m) at 10 s intervals for
the accuracy assessment of mapped fire products, this method was implemented here. The
transect for this survey was pre-determined as it sampled a wide range of fire events within
Kakadu National Park (described below) and covered the greatest possible area based on
available helicopter fuelling points. Real-time mapping software, Cybertracker, (Steventon
and Liebenberg 2009) was installed to a hand held PDA (Trimble Nomad) prior to the survey.
Data entry options included: (i) unburnt; (ii) burnt-low; (iii) burnt-moderate; (iv) burnt-high
and; (v) burnt-extreme. Attributes were determined primarily from scorch height, but also
ground patchiness, both of which are persistent for many months post-fire (as opposed to leaf
drop and albedo). The helicopter pad (location: E131º22‟17.46S12º41‟41.00) is 60 km due
west of the western boundary of Kakadu National Park (Figure 5.2) the survey commenced at
08:42 and was completed at 13:29, 16th August 2009, over a total length of ~600 km. A raster
layer consistent with the fire mapping was created from the VPs with 50 m pixels.

5.2.2 Sub-setting the assessment area
The Kakadu National Park subset assessment area (KNPss) (Figure 5.2) was selected as this
was the only region of the validation transect containing all four categories of fire severity.
Each overpass of MODIS from 1st April 2009 to 15th August 2009 was acquired and subset
using the KNPss bounding box. Images for ∆R1640 analysis were restricted to acquisitions
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from the MODIS sensor on-board Terra as 15 of the 20 detectors in Aqua MODIS channel 6
(R1640) are non-functional or noisy (Rakwatin et al. 2009).

Figure 5.2.Validation transect, MODIS automatically derived burnt area mapping by month
and subset assessment area (KNPss) on the boundary of Kakadu National Park (KNP) and
west Arnhem Land (WAL). The transect commenced at the helipad bearing north-east to the
South Alligator River, south-east to Jabiru airport. An easterly, southerly, north-westerly
transect through WAL returning to Jabiru airport, south-west around the military area (Mt
Bundy Training Area) and north-west to the helipad. Data points collected at 10 s intervals,
travelling at an average velocity of 167 km/h. Total transect length was 684 km with 1040
validation points sampled.

5.2.3 Image layer selection
Accompanying each MODIS acquisition is a group of data layers describing the acquisition
geometry (satellite and sun, azimuth and zenith) for each pixel. Spectra acquired via the
helicopter acquisition method (Chapter 2) to derive the models for fire severity classification
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were limited to a view angle of 12.5° due to the view angle of the optic fibre on the hand held
spectrometer. Roy et al. (2006) similarly limited their analyses of ∆NBR to view zenith
angles of < 20° in assessing its utility to map fire severity to reduce bidirectional effects.
Therefore in this particular analysis, observations with a mean view zenith angle > 15° were
excluded. Sun zenith angle was assessed using 20 images acquired over the period of burnt
area mapping (from 7th April to 15th August). The mean sun zenith angle was 42.07° with a
standard deviation of 1.56°, hence, the variation was not considered to influence the analysis.
To allow for possible geolocation error in the acquisition of the VPs, a mean of a 3 x 3 pixel
area of each band of each appropriate image, re-sampled to 250m using a nearest neighbour
algorithm for the 500m channels, was extracted for validation and re-sampled to 50m to
undertake the validation.

5.2.4 Fire mapping mask and validation of fire mapping
An enhanced version of the algorithm outlined in Maier (2005), was used to automatically
detect burnt areas for the fire season of 2009. The semi-automated mapping (SAM),
described previously, was used to further subset the automated burnt area data layer to
increase the certainty of correctly mapping burnt areas. This is a vector polygon layer, and
was converted to a raster with 50m pixels. The automated mapping was also re-sampled to 50
m prior to intersection. The final intersected burnt area layer was used to spatially subset
KNPss. As the automated algorithm processes every available image, each pixel in the final
layer was attributed to the date of image acquisition when the change due to fire was first
detected by the automated algorithm.
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A standard error matrix including overall error and errors of omission and commission and
the KAPPA analysis KHAT statistic (Congalton 1991) were calculated by intersecting the
final burnt area layer with the VP raster layer. The KHAT statistic uses all elements of the
error matrix and accounts for random chance. It ranges from 0.0 to +1.0 where 0.0 is the most
confused classification and +1.0 completely accurate. Values > 0.8 suggest strong
agreement, 0.4 to 0.8 moderate agreement and < 0.4 poor agreement.

5.2.5 Calculation of ∆NBR and ∆R1640
In Chapter 3, the Normalised Burn Ratio (NBR) was analysed with respect to fire severity
categories and found to clearly distinguish between high fire severity and the lesser severity
categories (low and moderate). The NBR was calculated from the raster layers representing
the MODIS channels 2 (R860) and 7 (R2130) using the following equation:

NBR = (R860 - R2130 ) / ( R860+R2130 )

[5.1]

∆NBR was calculated by subtracting NBR for the most recent pre-fire satellite image
acquisition (NBRpre) from NBR for the image where fire was first detected (NBRpost):

∆NBR = NBRpost – NBRpre

[5.2]

In Chapter 3, MODIS channel 6 (∆R1640) provided the most parsimonious model for
discrimination of Low and Moderate fire severity categories. Values were calculated for each
date of fire occurrence within the masked non-severe classification, by subtracting R1640 for
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the most recent pre-fire satellite image acquisition (R1640-pre) from R1640 for the image where
fire was first detected (R1640-post):

∆R1640 = R1640-post - R1640-pre

[5.3]

5.2.6 Classification and validation within burnt areas
The threshold value for ∆NBR was determined from the data derived in Chapter 3, given
Table 5.1i) to calibrate the classification. ∆NBR was calculated for each date of fire
occurrence. The result was a binary (severe v not-severe) fire severity map.

The non-severe category mapped in the previous binary classification was extracted and used
to mask the MODIS R1640 layers. The threshold value for ∆R1640 was determined from the
data in Chapter 3, given Table 5.1ii, to calibrate the classification. The result was a 3 class
(low, moderate and high) fire severity map.

Table 5.1.Class mean, standard deviation (sd) and range for (i) ∆NBR and (ii) ∆R 1640, derived from
the helicopter based method. The threshold value separates the classes.
(i) ∆NBR
(Low/Moderate) - (Unburnt)
(High/Extreme) - (Unburnt)
Threshold Value = -0.15

mean
-0.09
-0.21

sd
-0.03
-0.04

min
-0.12
-0.25

max
-0.06
-0.17

(ii) ∆R1640
(Low) - (Unburnt)
(Moderate) - (Unburnt)
Threshold Value = -0.04

mean
-0.05
-0.03

sd
-0.01
-0.01

min
-0.06
-0.04

max
-0.04
-0.02
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The VPs, illustrated in Figure 5.2 and summarised in Table 5.2, were applied to
reclassifications of the image values for each appropriate date for: (1) Severe versus notsevere and; (2) Low versus Moderate classifications. Standard error matrices and KHAT
statistics were calculated (Congalton 1991).

Table 5.2. Summary table of the ground control points for fire severity/burnt area mapping collected
over (i) the Kakadu National Park/west Arnhem Land Region, and; (ii) the Kakadu National Park
subset (KNPss), 16th August 2009.
Binary Category

Burnt

Fire Severity Category
Low
Moderate
High
Extreme

Unburnt
Total

(i) Total (n)
365 ( 35%)
135 ( 13%)
10 ( 1%)
1 (0.1%)
529 ( 51%)
1040

(ii) KNPss (n)
64 (38%)
47 (28%)
6 ( 4%)
1 (0.1%)
50 ( 30%)
168

5.3 Results
5.3.1 Fire mapping accuracy
The accuracy assessment of the MODIS derived automated fire mapping product was
undertaken by intersecting it with the VPs. The error matrix and KAPPA analysis KHAT
statistic for the whole transect (n = 1040), and within the KNPss (n = 168) are shown in Table
5.3. There is an increase in overall accuracy within the KNPss (85%, as compared to 74% for
all VPs). Omission error, points where fire occurred according to the VPs but were omitted
by the classification, is further decreased by intersection with the semi-automated mapping to
an accuracy of 92%. The utility of the fire severity algorithm is reliant upon the assessment
being undertaken in known burnt areas. The high level of omission accuracy within the
masked areas provides a confident basis for this study‟s classification of fire severity. The
KHAT statistic, as opposed to the overall accuracy, incorporates the off-diagonal elements in
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the error matrix. It describes the proportional increase in accuracy of the classification as
compared to a completely random process. The result of 0.66 in the KNPss suggests
moderate to strong agreement (Congalton 1991).
Table 5.3. Error assessment: aerial validation data versus MODIS derived burnt area mapping for the
complete length of the transect (Overall) and the Kakadu National Park subset assessment area
(KNPss) using an automated and a semi-automated algorithm. Burnt area mapping courtesy of the
Tropical Savannas CRC.
Statistic

Overall
MODIS-auto

KNPss
MODIS-auto
+ semi-auto

N

1040

168

78

Overall accuracy

74%

85%

na

Commission accuracy

79%

96%

na

Omission accuracy

73%

82%

92%

KHAT Statistic

0.48

0.66

na

5.3.2 Binary fire severity classification and accuracy assessment
The binary classification using ∆NBR was undertaken using the threshold provided from the
helicopter-based spectra in derived in Chapter 3 given in Table 5.1i. The classification was
intersected with the VPs to calculate an error matrix and the KHAT statistic (Table 5.4). The
overall accuracy is 94%, with only 3% and 4% of misclassified “not-severe” pixels in both
omission and commission error, respectively. This high level of overall accuracy is
supported, not strongly, by the KHAT statistic, +0.63, due to the misclassification of the
severe class. The apparent paucity of validation points collected in the severe class, n = 8 of
80 total VPs, is still 10%.
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Table 5.4. ∆NBR (severe versus not-severe classification) error assessment:
(i) error matrix; (ii) errors.
(i)

Validation Points
not-severe

severe

total

not-severe

70

3

73

Severe

2

5

7

Total

72

8

80

Commission
accuracy

Omission
accuracy

Overall

KHAT
statistic

not-severe

96%

97%

severe

71%

63%
94%

+0.63

Mapping

(ii)

In the resultant mapping of severe versus not-severe fire for the KNPss area, 40% of the
126,229 hectares was fire affected; only 0.9% of the burnt area was affected by severe fires
(Figure 5.3).

Figure 5.3. Binary fire severity mapping. Results of the severe versus not-severe
classification of the MODIS derived ∆NBR time series of MODIS images within the subset
th
assessment area (KNPss) for the fire season of 2009 to 15 August.
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5.3.3 Classification and accuracy assessment for the 3 class categorisation
The classification of not-severe fires using ∆R1640 was undertaken using the threshold
provided from the helicopter-based spectra, derived in Chapter 3, given in Table 5.1ii. The
mean value of a 3 x 3 matrix was intersected with the VPs to calculate an error matrix and the
KHAT statistic (Table 5.5). The overall accuracy is 48%, with slightly better classification
for the low fire severity and very poor classification of the moderate fire severity in both
omission and commission error. The class overlap, illustrated in Figure 5.4, is pronounced.
The KHAT statistic, +0.10, is very poor, where the model assessed in Chapter 3 explained
44% of the variance. The mapping of low, moderate and the earlier mapped severe fires is
illustrated in Figure 5.5.
Table 5.5. ∆R1640 (low versus moderate classification) error assessment: (i) error matrix;
(ii) errors.
(i)

Validation Points
low

moderate

total

low

22

18

40

moderate

15

8

23

total

37

26

67

Commission
error

Omission
error

Overall

KHAT
statistic

low

55%

60%

moderate

35%

31%
48%

+0.10

Mapping

(ii)
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0
-0.02

∆R1640

-0.04
-0.06
-0.08
-0.1
-0.12
low

moderate
Fire Severity

Figure 5.4. Intersection validation points with MODIS-derived ∆R1640 reflectance
for image layers from 11 April to 15 August 2009. Points represent mean ∆R1640
reflectance values for the category of fire severity, error bars represent 1 standard
deviation from the mean.

Figure 5.5.Three class fire severity mapping. Low v moderate classification of the
time series of MODIS derived ∆R1680,within the subset assessment area (KNPss) and
the “not-severe” class from the binary fire severity classification, for the fire season of
th
2009 to 15 August.
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5.3.4 Additional analysis for an optimal operational algorithm
The intention of these additional analyses was to develop an algorithm for operational fire
severity mapping. Even though a superior candidate set of algorithms, all incorporating
MODIS channel 6, was evident from the analysis of the helicopter spectra in Chapter 3. The
major restriction to the application of an algorithm utilising MODIS channel 6 is the limited
data available. Data from the MODIS sensor on-board the Aqua satellite are corrupt, such
that Band 6 is not included in the BRDF calculations for the north Australian automated fire
mapping, hence the requirement to restrict the view zenith angle in the algorithm analysis.
These two factors reduced the dataset markedly, possibly providing an additional factor in the
poor classification (Table 5.5)

Unfortunately, operational optimality requires the exclusion of MODIS channel 6 from the
algorithm. A re-assessment of the AICc modelling, excluding MODIS channel 6 was
undertaken (Table 5.6). The best model of the candidate set was the log transformed sum of
MODIS channels 2 and 5 (Ln(R860) + Ln(R1240), R2 = 0.41, the weighted index = 46%. The
weighted index of the next nearest model is 26%. The product of the 3 MODIS channels 2, 5
and 7 (Ln(R860) * Ln(R1240) * Ln(R2130)) describes the greatest variance of any model, 0.52,
however, it has the lowest weight and ∆AICc> 7. Therefore, both models were assessed.
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Table 5.6.The re-assessed candidate set of models from the helicopter based spectra, excluding
MODIS channel 6. AICc is the result of the Information Criterion calculation with a second order
correction for small samples. ∆AICc is the difference between the AICc value of that model and the
minimum AICc value of all models in the set; wi is the probability of the model being the best of the set
2
of models; R is the coefficient of determination.
2

AICc

∆AICc

wi

R

Ln(R860) + Ln(R1240)

187.26

0.00

0.46

0.41

Ln(R860) /Ln(R1240)

188.37

1.11

0.26

0.40

Ln(R860) + Ln(R1240) + Ln(R2130)

189.71

2.45

0.14

0.42

Ln(R860) * Ln(R1240)

189.79

2.53

0.13

0.41

Ln(R860) * Ln(R1240) * Ln(R2130)

194.47

7.21

0.01

0.52

Model

Threshold values were calculated, as in previous classifications, as the mid-point between the
two classes from the helicopter-based calibration spectra (Table 5.7). The models, Ln(R860)
+ Ln(R1240) and Ln(R860) * Ln(R1240) * Ln(R2130) were applied in the KNPssseries of
MODIS images within a mask of the not-severe category derived from the earlier ∆NBR
binary classification. The results were plotted and error assessments were undertaken. The
resultant comparisons with VP categories again demonstrate overlap (Figures 5.6 and 5.7)
however the classification accuracies are improved (Table5.8 and 5.9) with overall accuracies
of 57% and 60%, and KHAT statistics of +0.22 and +0.19 for Ln(R860) + Ln(R1240) and
Ln(R860) * Ln(R1240) * Ln(R2130) , respectively.

Table 5.7. Threshold values of additional models to separate low from moderate fire severity.
Model

Threshold value

∆(Ln(R860) + Ln(R1240))

-0.62

∆(Ln(R860) * Ln(R1240) * Ln(R2130))

-5.9
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Table 5.8. Error assessment: Low v Moderate fire severity for ∆(Ln(R860) + Ln(R1240)): (i)
error matrix and; (ii) errors.
(i)

Validation Points
low

moderate

total

low

12

25

37

moderate

2

24

26

total

14

49

63

Commission
error

Omission
error

Overall

KHAT
statistic

low

86%

49%

moderate

32%

92%
%57

+0.22

Mapping

(ii)

0
-0.2
-0.4
-0.6
-0.8
-1
-1.2
-1.4
low

moderate

Figure 5.6. Plot of mean values of the difference of the product of MODIS channels 2
(R860) and 5 (R1240), log transformed (i.e. ∆(Ln(R860) + Ln(R1240))), for the non-severe fire
severity categories.
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Table 5.9. Error assessment: Low v Moderate fire severity for
Ln(R860) * Ln(R1240) * Ln(R2130): (i) error matrix and; (ii) errors.
(i)

Validation Points
low

moderate

total

low

24

13

37

moderate

12

14

26

total

36

27

63

Commission
error

Omission
error

Overall

KHAT
statistic

low

67%

52%

moderate

65%

54%
60%

+0.19

Mapping

(ii)

0
-2
-4
-6
-8
-10
-12
-14
low

moderate

Figure 5.7. Plot of mean values of the difference of the product of MODIS channels 2
(R860), 5 (R1240) and 7 (R2130) log transformed (i.e.∆(Ln(R860) * Ln(R1240) * Ln(R2130))), for the
non-severe fire severity categories.
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5.3.5 Seasonality of fire severity
The seasonal nature of the fire severity, demonstrated in the study by Russell-Smith and
Edwards (2006), is apparent (Figure 5.8). Measurements of high severity occurred in areas
burnt after 1st July and the one extreme event occurred in late July. Moderate fires occurred
mostly, ~80%, on and after the 1st July whilst the majority, ~90%, of low severity fires were
last mapped on the 1st July.

100%
80%
60%
40%
20%
0%
EDS

Low

Moderate

High

Extreme

68%

32%

0%

0%

Low

Moderate

High

Extreme

49%

40%

9%

2%

100%
80%
60%
40%
20%
0%
LDS

Figure 5.8. The proportion of each fire severity category, derived from validation points
th
flown on the 16 August 2009 over Kakadu National Park and west Arnhem Land, were
intersected with burnt area mapping to determine the seasonality of occurrence of each
fire, illustrated for the Early Dry Season (EDS), to 31 July, and Late Dry Season (LDS).
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5.4 Discussion
The application of the fire severity algorithm has produced a mapping tool that accounts for a
substantial proportion of the variation in fire severity at a landscape scale. A binary
classification (Figure 5.3) differentiates severe from not-severe fires with an accuracy of
94%. Mapping of three fire severity categories with the parsimonious model (Figure 5.5)
produced an accuracy of 48%, but was improved by using models to 60%. This is a key
finding, because it is the first time that mapping of fire severity based on an algorithm has
been possible for a north Australian savanna environment.

There is a high level of confidence for a binary classification, discriminating severe from
non-severe fires. Unfortunately, discrimination within the lower categories of fire severity is
more complicated than the parsimonious model of ∆R1640 was capable of distinguishing. The
error was compounded by the damaged sensor on Aqua. The improvement in accuracy
demonstrated by lesser models, suggests that with a full set of BRDF corrected data, ∆R1640
might be capable of producing a more accurate map.

Effectively discriminating categories of low to moderate severity, by increasing the number
of classes to 3, lessens the agreement considerably, which is consistent with other predictive
models of burn severity. Holden et al. (2009) found 80% accuracy for a 2 class map of fire
severity, by increasing this to 3 classes the accuracy was reduced to 62% (Holden et al.
2009). Halofsky and Hibbs (2009) determined that the effects on understorey and overstorey
fire severity in riparian zones are independent, and similarly described the requirement of
deriving two different models (Halofsky and Hibbs 2009). DeSantis and Chuvieco (2009)
found that by varying the fraction of vegetative cover (FCOV) in a radiative transfer model in
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forward mode, they were able to map the variation in reflectance for each of five fire severity
categories. As the severity category decreased from high to low, the influence of FCOV
increased. In the more severe categories the reflectance was mostly influenced by the
proportion of exposed soil. The moderate categories were influenced primarily in the NIR
and the SWIR. In the low and unburnt categories relatively low changes in FCOV resulted in
significant effect on the NIR and SWIR (De Santis and Chuvieco 2009). In this study, an
attempt was intentionally made to sample sites within a given range of FPC values, on the
premise that they would represent the fire affected habitat with the largest extent. It was
assumed that the variation was low enough not to affect the reflectance signal. The level of
influence of the variation in vegetative cover could be another confounding variable reducing
the accuracy of the classification in these categories.

The ∆NBR, whose model weight in the AICc analysis was far lower, upon more detailed
examination appears to provide a superior distinction between not only the severe and notsevere classes of fire severity, but to some extent, low and moderate severity classes. When
applied to the complete dataset of VPs, the result of the overall accuracy assessment is poor,
46%, less than exhibited by other indices. ∆NBR has demonstrated less accuracy in correctly
classifying severity in areas of low canopy cover with Landsat imagery (Allen and Sorbel
2008; Chafer 2008; Epting et al. 2005). There was poor evidence of performance obtained in
the optimality analysis by Roy et al. (2006) who, like this study, made their assessments of
MODIS data shortly after fire occurrence. However, they took a theoretical approach using
index theory in lieu of ambiguous definitions of ground measurements of fire severity. The
assessment of NBR, amongst 12 other indices, by Epting et al (2005) to assess fire severity in
a variety of habitats in interior Alaska found that ∆NBR was useful at discriminating fire
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severity in forested sites but demonstrated low correlation in non-forested habitats with lower
canopy cover, such as woodlands. The ability to discriminate lower categories of fire severity
was equally not apparent in the helicopter sampled dataset for this study, and therefore may
require further investigation to verify its authenticity and determine its possible utility.

Automated mapping (AM) of burnt areas was introduced to the North Australia Fire
Information web site in 2007 alongside the semi-automated mapping (SAM) product. The
SAM product has been used as a fire management and planning tool since its inception in
2003. The AM product is still treated as a beta product, particularly in the EDS. Currently a
research tool, the AM exhibits errors of omission and commission in some regions that are
yet to be uniquely calibrated. The integration of the fire severity mapping will assist in
developing the AM into a management tool. The error assessment, undertaken using the 1040
point validation transect, of the 2009 dataset for Kakadu National Park and west Arnhem
Land demonstrates the accuracy, although this assessment did not cover more than a few of
the many regions in north Australia. A comparative assessment in the KNPss of contiguous
patch sizes for the period 1 April to 15 August 2009 was undertaken of both the AM and
SAM map products. The AM mapped many more patches and approximately 5,000 ha
greater fire affected area. The initial error matrix did not reveal this discrepancy in the area
burnt but did reveal that overall the accuracy was > 10% lower than within the assessment
area (Table 5.3). Therefore, the decision to undertake the fire severity classification within
the intersected AM and SAM map areas was warranted in terms of classifying within an area
where omission error was 92% as opposed to 85% (Table 5.3).
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Low and moderate severity fires occur equally throughout the fire season (Figure 5.8).
Considering this with respect to the high incidence of non-severe fire occurrence in the early
dry season, and implicitly a high level of applied management, the development of an
algorithm for differentiating low from moderate severity fires is nevertheless important for
operational practices in Kakadu National Park and the West Arnhem Land region. Low fire
severity as compared to moderate severity has a greater accuracy in both omission and
commission error for all 3 models assessed. This is understandable where the fire severity
categories are in reality a continuum and the effects of fire are far more variable in the lower
categories of fire severity. This is evidenced by the variability in ground patchiness and
scorch height at the relatively small number of sites assessed in Chapter 5. The
supplementary model analyses are an improvement from ∆R1640. An adjustment of the
threshold value has the potential of increasing the overall accuracy. In the case of the 2
channel summed model, accuracy is increased to 70% if the threshold is -0.94, and for the 3
channel product model to 67% if the threshold is -6.0. This suggests that improvements to the
VPs and/or the calibration spectra, for a given region, has the potential of producing a more
accurate product. The result given may not yet be perfect for the provision of an operational
map product for land managers, but it could be readily calibrated against metrics of fauna
species habitat to provide information for conservation assessment. The result would also
provide a level of accuracy acceptable to landscape scale calculations of emissions.

5.5 Conclusion
The aim of this chapter was to assess the models developed from data, collected with highly
reduced geolocation error and correlated against satellite based sensor data to determine if the
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data were suitable for application as calibration. A major constraint was a requirement for
post-fire immediacy of image acquisition given the results of Chapter 4, whereby the only
applicable dataset was a MODIS time series. Unfortunately MODIS R1640 reflectance data
from the AQUA satellite were limited due to sensor corruption, thus limiting the dataset for
this assessment and, possibly, future application of the channel.

The binary severity classification is a useful product and applicable for operational purposes,
beyond the ability of the current system, where fire severity is inferred from seasonality. The
sampled spectra suggested that a model, incorporating the near infra-red (MODIS channel 2
and 5) and short wave infra-red regions (MODIS channels 6 and 7), will separate the lower
classes of fire severity. This might not yet be possible with available imagery, or possibly the
model requires more detailed incorporation of vegetative cover. It is possibly the fault of the
sampling method: spectra are collected at ~100 m (300 ft) above the ground, with a circular
swath of ~25 m radius. The scale at this altitude might be too detailed, so that the variability
between sites is greater than the within site variability, even though ANOVA analysis of site
basal area suggest otherwise.

Further improvement might be gained by field sampling a greater variability of fire severity
types throughout the season, intensifying the field sampling program in the EDS when fire
affects are more strongly evident, intensive ground sampling for calibration of helicopter
sampling and sampling for both horizontal and vertical fire effects simultaneously to derive a
fire severity categorisation as for the helicopter based calibration data.
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These analyses have assessed and provided substantive levels of confidence in algorithms for
fire severity mapping across much of the savannas of northern Australia. In addition, a
platform has been built for further model development, with robust bottom up/top down
methods and sampling techniques identified. Potential improvements have been presented, all
of the components of the mapping tool, from field sampling variables and methods,
correlation analysis and model building to calibration and validation.

126

Chapter 6
Summary & Synthesis

127

6. Summary and Synthesis

6.1 Summary
Remote sensing has the ability to provide timely and cost effective information across vast
regions. Mapping of the occurrence and seasonality of burnt areas is now widely used via online resources (www.firenorth.org.au) across all of the north Australian tropical savannas.
The mapping of fire severity from remotely sensed data will augment available fire mapping
information for fire management and planning. It will provide a basis for evaluating the
efficacy of prescribed burning activities. It will provide finer value to fire history information
for conservation assessment and management planning, and it will provide a greater level of
detail for the calculation of greenhouse gas emissions and bio-sequestration.

The major determinants of savanna vegetation structure are fire and climate (Scholes and
Archer 1997). Fire management provides control of the extent and effect of fire through
mitigation and suppression. It is a given that a certain proportion of savanna landscapes will
be affected by fire, independent of the level of management, based on available resources
(Edwards and Russell-Smith 2009; Mouillot and Field 2005; Russell-Smith et al. 1997; Van
Wilgen et al. 2000). Therefore, a high level of management planning is required to
successfully implement and maintain regimes determined to be sustainable, given that some
fire is inevitable. North Australia is largely inaccessible, with meagre infrastructure. Land
managers need remote sensing technologies for fire management planning to assess and
where possible, modify fire regimes. On-line fire mapping has demonstrated its ability to
markedly attenuate resource needs in assessing the past and present occurrence of fire
(TSMCRC 2005) and therefore will be equally beneficial in providing information for the
assessment of the effects of fire.
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This thesis has demonstrated that fire severity mapping from moderate resolution satellite
imagery using simple models is possible, with high levels of accuracy based on a 2 or 3 class
classification.

6.1.1 Fire severity: definition
Fire severity was defined as a temporal event describing post-fire effects occurring along a
continuum (Lentile 2006). The intensity of the fire is more often referred to in descriptions of
fire. However, it is rarely observed. From a satellite-based sensor, it is coarsely, only sparsely
and incompletely sampled across landscapes (Wooster et al. 2003).By contrast, severity
captures the ecological impact of fire by assessing both horizontally and vertically, the impact
on vegetation, thus providing a direct measure of impact. Remote sensing has the ability to
map both the temporal and spatial components of the post-fire effects on the combustible
material(Keeley 2009). It therefore has a wider applicability to strategic planning (Murphy
and Russell-Smith 2010) and has wide applicability in land management.

6.1.2 Fire severity: metrics
Outlines of fire severity categories have been previously developed (Russell-Smith and
Edwards 2006) using on-ground metrics describing the vertical and horizontal effects on
vegetation in simple and repeatable terms. From these metrics it was possible to calculate a
continuous fire severity variable to correlate with ground sampled information and
reflectance spectra. Change in the matrix of ground layer variables would appear to be more
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complex than a simple categorisation can describe. The suggestion is, a fire severity map
legend should reflect this and supply a continuous description of fire effect.

6.2 Discoveries
A detailed analytical process was undertaken to reveal the critical components of the effects
of fire on the vegetation. Models were derived to determine the drivers of fire severity on the
ground and its influence on reflectance, while an assessment was also undertaken of the
duration of their validity. During the courses of this work, I have made a number of important
discoveries. These are summarised below.

6.2.1 Ground variables describing fire severity
Models including the proportions of both PV and NPV described up to 79% of the variance.
The proportions of bare soil and char had no correlation with fire severity with the proportion
of mineralised ash having the highest correlation with fire severity class. This was also found
in a small number of other studies (Hudak and Brockett 2004; Landmann 2003; Smith and
Hudak 2005), more often however the proportions of char/ash are assessed (McNaughton et
al. 1998; Roy et al. 2010). The spatial density of white ash as an indicator of fire severity
requires further sampling (Smith and Hudak 2005). Smith and Hudak (2005) suggest white
ash is related to albedo and albedo might also indicate the pre-fire fuel load and combustion
completeness. Ash is however the most ephemeral post-fire residue (Smith and Hudak 2005),
therefore temporal post-fire limitations on an algorithm based around ash detection could be
greater than for other variables.
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6.2.2 Fire severity sensitive spectra
Significant correlations were found between reflectance spectra averaged for the optical
MODIS channels 5, (R1240), 6 (R1640) and 7 (R2130), the NDVI and the NBR. A visual
assessment illustrated that the indices NDVI and NBR were able to separate severe from notsevere fire effects (Figure 3.4). The R2 for NBR was greater than that for NDVI and NBR
was selected for assessment. A candidate set of MODIS channels, based on the significance
of correlation and inference from the literature, was analysed using AICc. Separation within
the non-severe (low and moderate) classes was not clear but the most parsimonious model
that used MODIS channel 6 was selected.

Overall accuracy using the binary classification and ∆NBR was 94%. Corrupt data from the
Aqua derived MODIS channel 6 produced an unclear and unsatisfactory 48% overall
accuracy, with considerable overlap in discriminating low from moderate severity events (Fig
5.4). A revised set of candidate models was derived incorporating MODIS channels 2 (R860)
and 5 (R 1240) and 7 (R2130). The overall accuracy, 57% (2+5) and 60% (2*5*7), and the class
overlap (Figures 5.6 and 5.7) improved, however KHAT statistics were still poor (+0.22 and
+0.19) suggesting there is further scope for algorithm development.

6.2.3 Temporal applicability
The short term fire scar persistence in the tropical savannas was assessed via detailed
monitoring of post-fire conditions and this necessitates a high frequency of image acquisition
for burnt area mapping (Edwards et al. 2001). This was indicative of a similar possible issue
for the fire severity algorithm. The rapid change in albedo demonstrated by Beringer et al.
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(2003) and analysis of a post-fire photographic time series, suggested that the applicability of
the immediate post-fire sampling is brief, at approximately 5 to 6 days, as opposed to months
or years for other biomes e.g. temperate forests. The main effects are driven by the significant
and rapid leaf fall followed by rapid vegetative re-flushing, all occurring in a matter of weeks
post-fire.

6.3 The future
In the coming years, collaborative research into the development of detailed fire severity
classification systems from remotely sensed data will be continued. The current burnt area
mapping will be enhanced to include, firstly, categories of severe v not-severe fire severity
mapping, and then more detailed descriptions based on the requirement, accuracy and,
therefore, utility of the product. The algorithm/s will need to be applied across nearly 2
million square kilometres. Geographical expansion of the calibration/validation sampling
must occur, as must the network of collaborators. The information garnered from this
research will provide an important basis for the simplification and standardisation of
sampling methods.

6.3.1 The implications of the mapping accuracy
The difficulty in separating the low and moderate severity fires has been reported by
numerous other researchers (Boer et al. 2008; De Santis and Chuvieco 2009; Epting et al.
2005; Halofsky and Hibbs 2009; Holden et al. 2009). The overlap in classification suggests
that detecting the level of effect of fire in the lower categories is not simple. This contrasts
with high severity fires, which predominantly affect the upper canopy. The small proportion

132

6. Summary and Synthesis

of plant material in the lower and mid canopies (Figure 3.4) suggests that the major influence
on reflectance change in the lower fire severity categories derives from the ground storey.
The ground storey contains a greater proportion of PV and NPV, and there is also a strong
influence from bare soil. This was not accounted for during aerial validation. Generally, the
fire severity category was influenced by the assessment of scorch height and only a rough
assessment of ground patchiness. To produce more accurate calibration/validation data for
future characterisation of the low and moderate fire severity categories, the aerial assessment
data need to include an estimate of burnt patchiness. The aerial assessment data also require
regular calibration from a ground based survey, containing greater sampling intensity and
accuracy.

6.3.2 Issues with future sensors
Current small scale satellite sensor data meeting the requirement of 5 to 6 day post-fire
sampling are coarse (> 250 m). There is a direct relationship between frequency of
acquisition and swath width, and an inverse relationship with pixel size. Therefore it is
recommended to use data from the MODIS sensors, with the highest combined spectral,
spatial and temporal resolution, for the least cost.

The Landsat series of satellite sensors have been used to create fire histories in many places
around the globe (Alencar et al. 2006; Chuvieco and Congalton 1988; Holden et al. 2009;
Matricardi et al. 2010; Mitri and Gitas 2002; Röder et al. 2008; White et al. 1996). However
it is the world‟s tropical savannas with fire regularly recurring both annually and intraseasonally, where fire histories provide a great depth of information. Landsat derived fire
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histories have been developed in Africa and Brazil (Alencar et al. 2006; Hudak and Brockett
2004; Smith et al. 2005) and on a number of key estates almost exclusively in northern
Australia (Edwards et al. 2001; Edwards and Russell-Smith 2009; Elliott et al. 2009;
Felderhof and Gillieson 2006; Fisher et al. 2003; Hauser 1995; Russell-Smith et al. 2002;
Russell-Smith et al. 1997; Vigilante et al. 2004; Yates and Russell-Smith 2003) usually back
to 1990 and, for Kakadu National Park, 1980. These moderate resolution fire histories are
used by land managers for detailed planning. They are used to calibrate and assess coarser
AVHRR and MODIS derived fire histories, and augment these coarser mapping on sites such
as NAFI.

In an attempt to maintain the continuity of Landsat data the Landsat Data Continuity Mission
(LDCM) is proposed for launch in December 2012
(http://landsat.gsfc.nasa.gov/about/ldcm.html: accessed 1 September 2010). The Landsat
series is meanwhile nearly in hiatus, ETM+ on Landsat 7 is sub-optimal for the purposes of
fire history mapping. The batteries are failing for TM on Landsat 5, which has been in
operation some 24 years beyond its design life. Arguably Landsat‟s gratis availability for the
past 5 or more years is creating difficulty for the remote sensing community, by reducing
apparent costs (Woodcock et al., 2008). The loss of free Landsat data will require the
additional purchase of other sensor data. Thus reducing funds available, generally from
budgets designated for other fire management activities.

Under the current financial circumstances, the MODIS based mapping programs become
more necessary. Although lower in resolution, MODIS is also better suited to the region. The
free availability, high return frequency, greater spectral detail and swath, the possibility of
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utilising the MIR for smoke aerosol penetration, and the thermal bands already employed for
active fire detection are far preferable. The MODIS geolocation approach has reduced large
on-orbit geolocation errors to better than sub-pixel accuracy (Wolfe et al. 2002), a crucial
factor to multi-temporal analyses.

However, the MODIS sensors had an expected 5 year life from 1999 (Terra) and 2002 (Aqua)
(http://modis.gsfc.nasa.gov/: accessed 1 September 2010). The launch date of the proposed
replacement program, The National Polar-orbiting Operational Environmental Satellite
System (NPOESS), was originally 2005. It has been officially delayed to 2011 but at the time
of writing (2012) it has still not been launched. The future of programs developed around
specific sensors is always uncertain. It requires the development of robust datasets and
flexible modelling, to utilise all available image datasets.

6.3.3 Applications
A fire severity mapping product will enhance a wide range of research and management
activities associated with fire across north Australia. Knowledge of the previous years‟ fire
effects will assist strategic planning undertaken by land managers in their attempt to mitigate
the occurrence of wildfire. It will provide information for many co-occurring management
issues. Fire severity mapping indicates the level of disturbance useful for weeds mapping and
modelling. Invasive weeds have consequences for biodiversity, soil nutrient and habitat
quality (Rossiter-Rachor et al. 2008). Quantifying spatial and temporal patterns of fire
severity, as opposed to simple fire occurrence, will have great significance for ecological and
biogeographical analysis of tree population dynamics. Fire regime is a major driver of the
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balance between savanna tree recruitment, mortality and tree-grass balance (Lehmann et al.
2008; Williams et al. 1998). This in turn determines fuel production and flammability,
productivity and carbon balance (House et al. 2003). Williams et al. (1998) examined
mortality as a function of fire intensity. This relationship could be significantly refined by
examining spatial and temporal patterns of fire severity histories, in association with soil type
and savanna productivity. Beringer et al. (2007) demonstrated the clear impact of fire severity
on savanna carbon fluxes. High severity fire impacted the upper canopy reducing
sequestration by 1 t C ha-1 per event. The annual net sequestration rate at the site they used
was ~2 t C ha-1 y-1 suggesting a high to extreme fire severity can reduce the annual carbon
sink by 50% in a single event. Linking flux observations with a remote sensing fire severity
product is essential for the development of regional scale estimates of savanna carbon
balance, given the significance of fire severity to these processes (Hutley and Beringer 2010).

6.3.4 Severity algorithm, carbon farming and burning offset emissions
The availability of landscape wide fire severity mapping will provide vast improvements to
fire management planning and calculations of GHG emissions (Russell-Smith and Yates
2007). Outcomes from this project are particularly significant in the development of a Carbon
Farming Initiative and with a savanna burning methodology as developed by Russell-Smith
et al. (2009) recognised as an offset trading methodology. This means savanna burning, if
managed well can be used for credit trading within a domestic and eventually international
market. Central to an improved accuracy of estimated emissions is a severity mapping
product as has been presented in this thesis. Landscape analysis for strategic planning and
greenhouse gas emissions calculations presumes that the proportion of biomass fuels is reset

136

6. Summary and Synthesis

to zero post-fire (Meyer et al. 2008). Fuel accumulation relationships are derived on this
basis. However, the level of affect of fire determines the proportion of fuel not consumed in
one year. Fire history information incorporating fire severity will improve the fuel
accumulation relationships and the accuracy of emissions estimates.

6.3.5 Fauna habitat management
Fauna habitat analysis and management can incorporate the refinement in fire history
information derived from the inclusion of fire severity information to assist in explaining
small mammal decline, documented across northern Australia (Woinarski et al. 2010).
Woinarski et al. (2010) determined of 25 species sampled, 10 declined significantly in 10
years. The causes are not clear and vary between species but feral animals, introduced
diseases, weeds and particularly high fire frequency are identified. There was measurable
decline across sites from all fire regimes, a steady decline with increased fire frequency, and
no apparent effect of severe fires identified through fire seasonality. The inclusion of fire
severity in mapping provides two more products that can be used to assess the extent and
importance of the „habitat homogenisation‟ process identified by Woinarski et al. (2010).
Firstly, as a more accurate parameter for the assessment of the effects of fire regime, to
determine its level of importance and to characterise the least deleterious series of fire effects.
Secondly, and more importantly, Woinarski et al. (2010) provide a fire management
proscription. Basically the suggestion is to reduce the total area burnt. Area burnt is also
reduced with increased within-patch heterogeneity. This can be implemented, monitored and,
most importantly, assessed far more successfully with a fire severity map layer.
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6.3.6 The requirement for culturally appropriate products
The end-users of these remote sensing products are ultimately not just spatial or ecological
scientists. The majority are land managers of large estates encompassing pastoral,
conservation, agricultural, and indigenous traditional land use. The interpretation of fire
severity mapping needs to be appropriate to their individual backgrounds.

The West Arnhem Land Fire Abatement project (WALFA) in the north of the NT was the
first instance in the tropical savannas region a large polluter paid specifically to offset their
GHG emissions through fire management. Accounting methods were robust, and
demonstrated that landscape scale fire management was able to reduce GHG emissions
relative to a year 2000 baseline (Russell-Smith et al. 2009). Indigenous land owners of west
Arnhem Land, for the first time, were now commercially employed to manage their
traditional lands. Traditional knowledge of landscape management was still strong (Garde et
al. 2009). However, the extent of the management necessary to reduce the incidence of
wildfire across ~23,000 km2 was not possible in a purely traditional manner since people had
been concentrated into larger towns (Cooke 1998). Ranger groups were formed and trained.
Fire management was undertaken on ground and with aircraft under the direction of senior
traditional owners. They combined satellite derived fire and vegetation mapping, satellite
imagery, and centuries of traditional fire management knowledge. The NAFI web site was
employed vigorously to inform rangers of the effects of their work and impending wildfire.
However, there continued to be issues of representing scientific information in a crosscultural format. For instance, topographic maps were not appropriate, maps with satellite
images as backgrounds were more readily interpreted. Maps of simple fire occurrence have
also not been useful, a means of illustrating the type of fire is required. There are many types
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of fire in a culture using fire as a regular landscape management tool. Fire severity mapping
may provide the possibility to graphically represent fire type. However this is only one
cultural group. There is the requirement to illustrate these data to the wider land management
community across north Australia. As tools developed in this study are operationalised,
scientists must work collaboratively with social scientists and the community to provide the
best means of representation.
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Appendix 1. Analysis of variance (ANOVA) of mean basal area, m2/ha, for groups of
sites within each fire severity category. (Fowler et al. 1998)

The minimum number of samples occurs in the high fire severity class, n = 9, the degrees of
freedom (d.f.) for the ANOVA analysis is calculated from
d.f. = nmin – 1 = 4.

Prior to the main part of the analysis it is necessary to check that all four sample variances are
similar. The test for the homogeneity of variance is undertaken by means of the Fmax test.
The largest and smallest variances are compared, if they are not significantly different, then
the others also can not be.
Fmax = s2max / s2min = 10.8
where s2 = the variance. A table of the probability distribution of Fmax, with 0.05 level of
significance, was consulted, for d.f. = 4 and the number of classes, a = 4. Our calculated
value of Fmax = 10.8 and is < the critical value, Fmax = 20.6, therefore we conclude that the
variances are homogeneous and proceed with the ANOVA.

The correction term, CT, is calculated:
CT = ( Σ xT ) 2 / nT = 6152.6
So that the total sum of the squares for the aggregated samples,
SST = Σ xT 2 - CT = 1240.1
We then calculate the between samples sum of squares,
SSbetween = ( Σ x1 )2 / n1 + ( Σ x2 )2 / n2 +( Σ x3 )2 / n3 + ( Σ x4 )2 / n4 - CT
= 69.0
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and the within samples sum of squares,
SSwithin = SST - SSbetween = 1171.2
We estimate the variance in SSbetween and SSwithin
S2within = SSwithin / d.f.within = 1171.2 / (nT – a) = 31.7
S2between = SSbetween / d.f.between = 69.0 / (a - 1) = 23.0
We can now compute F,
F = S2between / S2within = 0.7
Tabulated values of F are all greater than 1, thus the result is not significant and we accept
H0, that samples are drawn from normally distributed populations with equal means and
variances.
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Appendix 2. Ground parameter values
Table A2-1. Ground parameter values for each site. The 3 fire severity variables: Fire Severity as determined in situ; FSI is the continuous
calculated fire severity index, FSI = ((100-Sum(Ground(%Photosynthetic vegetation+%non-photosynthetic vegetation))/100)*Scorch height);
FSIR is a categorical index derived from cluster analysis of the frequency distribution of FSI. The percentages of: photosynthetic vegetation
(Green); fire affected, non- pyrolised, photosynthetic vegetation (Scorch); non-photosynthetic vegetation (Litter); fire affected, pyrolised,
photosynthetic vegetation (Char); non-fire affected senescent grasses (Dry Grass); exposed soil (Bare Soil).

Site

Date

Habitat

WAL5
CSIRO1
wal09u01
wal09u02
wal09u03
WAL3
WAL4
wal09b10
HSP0507-6
WAL8
wal09b13
wal09b03

20080625
20090503
20090704
20090704
20090707
20080625
20080625
20090707
20070506
20080626
20090707
20090704

EOF
EWL
E/A OF
EOF
EOF
EOF
EOF
EOF
EWL
EOF
EOF
EOF

†

Fire Severity

FSI

FSIR

Unburnt
Unburnt
Unburnt
Unburnt
Unburnt
Low/Patchy
Low/Patchy
Low/Patchy
Low/Patchy
Low/Mod/Patchy
Low/Patchy
Low/Patchy

0.0
0.0
0.0
0.0
0.0
0.5
0.8
0.8
1.0
1.1
1.1
1.2

0
0
0
0
0
1
1
1
1
1
1
1

Scorch
Height
(m)
0.0
0.0
0.0
0.0
0.0
0.8
1.0
1.1
1.5
1.7
1.4
1.5
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Char
Height
(m)
0.00
0.00
0.00
0.00
0.00
0.24
0.35
0.10
0.34
0.14
0.20
0.25

Green
(%)

Scorch
(%)

Litter
(%)

Char
(%)

42
42
38
47
49
42
20
32
24
28
19
26

0
0
2
1
0
1
3
3
4
1
4
1

36
50
33
25
32
21
21
24
23
22
28
27

0
0
0
0
0
30
34
37
28
33
39
37

Dry
Grass
(%)
16
6
19
18
19
2
8
2
4
12
0
0

Bare
Soil
(%)
5
2
8
9
0
5
15
2
17
5
10
9
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Site

Date

Habitat

WAL2
WAL10
WAL1
wal09b09
WAL9
wal09b11
HSP0507-4
wal09b06
WAL6
HSP0507-5
wal09b12
HS0508-3
CSIRO4
HS0508-1
CSIRO2
CSIRO6
HSP0507-3
WAL7
HSB7-20071001
HSP0507-2
CSIRO3
HS0508-2
CSIRO5
HSB3-20071001
HSB2-20071001

20080625
20080626
20080625
20090707
20080626
20090707
20070506
20090705
20080626
20070506
20090707
20080513
20090504
20080513
20090504
20090503
20070507
20080626
20071005
20070507
20090504
20080513
20090504
20071002
20071002

EOF
EOF
EOF
EOF
EOF
EOF
EWL
E/C OF
EOF
EWL
EOF
EWL
EWL
EWL
EWL
EWL
EWL
EOF
EOWL
EWL
EWL
EWL
EWL
EWL
EOWL

†

Fire Severity

FSI

FSIR

Low/Patchy
Low/Mod/Patchy
Low
Mod
Low/Mod/Patchy
Low/Mod/Patchy
Low/Patchy
Low
Low/Mod/Patchy
Low/Patchy
Mod
Low
Mod
Low/Mod
Mod/High
Mod
Low/Patchy
Mod/Patchy
Mod
Low/Mod/Patchy
Mod/Patchy
Mod
Mod
Mod/High
High

1.2
1.3
1.7
2.0
2.1
2.1
2.3
2.4
2.8
2.9
4.1
5.3
5.6
5.9
6.4
6.6
6.7
6.7
6.8
7.7
8.3
8.8
9.2
9.8
10.1

1
1
1
1
1
1
1
1
1
1
2
2
2
2
2
2
2
2
2
2
3
3
3
3
3

Scorch
Height
(m)
1.6
2.1
2.0
2.2
2.3
2.5
3.8
3.0
3.0
3.2
4.5
7.5
6.7
7.0
8.0
7.5
8.4
8.0
7.5
8.4
9.0
10.0
10.0
10.0
10.9
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Char
Height
(m)
0.30
0.37
0.36
0.40
0.35
0.40
0.25
0.25
0.60
0.57
0.75
0.50
1.10
0.60
1.60
2.50
0.14
0.60
0.52
0.46
1.30
2.00
1.30
1.02
1.67

Green
(%)

Scorch
(%)

Litter
(%)

Char
(%)

32
18
24
12
19
25
12
20
12
9
12
15
11
21
5
12
11
17
11
7
8
6
9
3
0

2
3
2
5
3
5
4
3
1
6
6
17
22
9
23
10
1
5
6
7
29
22
33
3
3

16
32
13
14
7
24
32
28
16
13
23
22
12
15
24
15
17
17
14
10
16
15
15
6
11

36
33
43
55
57
40
23
32
52
47
54
34
41
40
45
53
18
48
15
27
42
44
36
11
18

Dry
Grass
(%)
5
3
3
3
3
0
2
2
0
2
0
4
5
2
2
3
4
5
1
1
0
0
2
0
0

Bare
Soil
(%)
9
11
15
11
12
7
27
14
18
24
5
8
9
12
0
8
48
8
53
48
6
14
5
77
68
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†

†

Site

Date

Habitat

HSB4-20071001
HSB1-20071001
HSB6-20071001
HSB5-20071001

20071004
20071002
20071004
20071004

EWL
ELOWL
EWL
EWL

Fire Severity

FSI

FSIR

Mod/High
High
High
Mod/High

11.4
11.4
12.4
12.4

3
3
3
3

Scorch
Height
(m)
13.0
12.2
13.3
13.2

Char
Height
(m)
1.03
1.98
1.18
0.78

Green
(%)

Scorch
(%)

Litter
(%)

Char
(%)

5
0
3
4

8
5
7
7

20
11
13
11

24
9
14
21

Dry
Grass
(%)
0
0
0
0

Habitat abbreviations:

EOF – Eucalypt dominated Open Forest; EWL – Eucalypt dominated Woodland; E/A OF – mixed Eucalypt/Acacia Open Forest
E/C OF – mixed Eucalypt/Callitris Open Forest; EOWL – Eucalypt dominated Open Woodland;
ELOWL - Eucalypt dominated Low Open Woodland;
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Bare
Soil
(%)
43
76
64
56
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Appendix 3. Spectral parameters
Table A3-1. Spectral parameters: represent the mean reflectance within a range representing MODIS sensor channels (Table 4.3).

†

Site

MODIS1

MODIS2

MODIS3

MODIS4

MODIS5

MODIS7

MODIS-NDVI

WAL5

0.03267

0.05678

0.05815

0.24591

0.31755

0.19061

0.11092

0.61749

CSIRO1

0.02631

0.05007

0.04585

0.28252

0.30913

0.17347

0.08963

0.72074

WAL3

0.03005

0.04616

0.04863

0.16764

0.20992

0.14566

0.11229

0.55024

WAL4

0.02933

0.04128

0.04248

0.13580

0.16711

0.12356

0.11564

0.52343

HSP0507-6

0.03237

0.05296

0.05215

0.20276

0.21400

0.14771

0.09216

0.59083

WAL8

0.03764

0.05124

0.05069

0.15182

0.16564

0.14118

0.11189

0.49940

WAL2

0.02896

0.04140

0.04249

0.13834

0.16266

0.11114

0.08804

0.53005

WAL10

0.03602

0.05206

0.05386

0.15406

0.17773

0.14014

0.10701

0.48189

WAL1

0.02841

0.04130

0.04196

0.14050

0.16951

0.11437

0.09987

0.54003

WAL9

0.03122

0.04208

0.04441

0.12320

0.14870

0.12740

0.10494

0.47012

HSP0507-4

0.03092

0.05133

0.05339

0.19447

0.22399

0.15829

0.09817

0.56919

WAL6

0.03756

0.04964

0.05773

0.11996

0.16399

0.18356

0.16787

0.35019

HSP0507-5

0.02535

0.03928

0.03947

0.15104

0.19871

0.10803

0.08405

0.58564

HS0508-3

0.02624

0.03989

0.04058

0.15421

0.18069

0.12585

0.08210

0.58331

CSIRO4

0.03374

0.05874

0.06197

0.24928

0.27813

0.20337

0.15126

0.60178

HS0508-1

0.02734

0.04090

0.04058

0.14876

0.15846

0.11469

0.08829

0.57137

CSIRO2

0.03188

0.05672

0.05871

0.27205

0.30307

0.18772

0.13006

0.64501

CSIRO6

0.03288

0.05763

0.06365

0.23436

0.27267

0.19479

0.14984

0.57283

HSP0507-3

0.02874

0.05385

0.06242

0.23455

0.28003

0.22220

0.09817

0.57962
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Site
WAL7

MODIS1
0.03227

MODIS2
0.04541

MODIS3
0.04458

MODIS4
0.14157

MODIS5
0.16503

MODIS7
0.14596

MODIS-NDVI
0.11371

HSB7-20071001

0.03970

0.05627

0.06700

0.14970

0.21726

0.25695

0.18849

0.38165

HSP0507-2

0.02376

0.03622

0.03726

0.13749

0.16888

0.11130

0.07866

0.57358

CSIRO3

0.03089

0.05154

0.05580

0.21570

0.25104

0.16952

0.11884

0.58894

HS0508-2

0.02997

0.04539

0.04412

0.16727

0.18453

0.12428

0.08324

0.58258

CSIRO5

0.02957

0.05171

0.05427

0.23091

0.24753

0.15211

0.08383

0.61942

HSB3-20071001

0.03685

0.04828

0.05864

0.12176

0.18592

0.24208

0.18787

0.34987

HSB2-20071001

0.03802

0.05201

0.06421

0.12923

0.18363

0.22406

0.16987

0.33616

HSB4-20071001

0.04120

0.05513

0.07242

0.13852

0.20484

0.24866

0.17908

0.31335

HSB1-20071001

0.04078

0.05426

0.07130

0.14828

0.22386

0.27844

0.20217

0.35059

HSB6-20071001

0.03947

0.05548

0.06719

0.14822

0.21188

0.25771

0.19148

0.37617

HSB5-20071001

0.03654

0.05014

0.06237

0.13041

0.18722

0.22401

0.16774

0.35298

†

NDVI = Normalised Difference Vegetation Index = (MODIS2 – MODIS1)/(MODIS2 + MODIS1)

††

NBR = Normalised Burn Ratio = (MODIS2 – MODIS7)/(MODIS2 + MODIS7)
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Appendix 4. Scatterplots of significant transformed ground variables versus the
continuous variable of fire severity, FSI

Figure A4-1. FSI v %Green

Figure A4-2. FSI v %Scorch
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Appendix 4 (continued). Scatterplots of significant transformed ground variables versus
the continuous variable of fire severity, FSI

Figure A4-3. FSI v %Litter

Figure A4-4. FSI v %Bare Soil
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Appendix 4 (continued). Scatterplots of significant transformed ground variables versus
the continuous variable of fire severity, FSI

Figure A4-5. FSI v %Dry Grass
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Appendix 5. Scatterplots of significant spectral variables versus the continuous variable
of fire severity, FSI
MODIS3 = 0.0459+0.0014*x; 0.95 Conf.Int.
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FSI:MODIS3: r2 = 0.3057; r = 0.5529, p = 0.0013; FSI
y = 0.0458555939 + 0.00139994979*x

Figure A5-1. FSI v MODIS channel 3
MODIS6 = 0.1295+0.0079*x; 0.95 Conf.Int.
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FSI:MODIS6: r2 = 0.3855; r = 0.6209, p = 0.0002; FSI
y = 0.129487264 + 0.00789011559*x

Figure A5-2. FSI v MODIS channel 6
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Appendix 5 (continued). Scatterplots of significant spectral variables versus the
continuous variable of fire severity, FSI
MODIS7 = 0.0934+0.0056*x; 0.95 Conf.Int.
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= 0.3339; r = 0.5779, p = 0.0007; FSI
y = 0.093363768 + 0.00563283864*x

Figure A5-3.FSI v MODIS channel 7
NBR = -0.3451-0.0123*x; 0.95 Conf.Int.
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Figure A5-4. FSI v MODIS NBR
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Appendix 6. Descriptive statistics of the six ground variables untransformed and the 3
standard transformations applied.

Table A6-1. Statistics of the six ground variables: untransformed and standard
transformations applied: square root, sqrt(var); hyperbolic arc sine, asinh(var) and; the natural
logarithm of the value + 0.5, ln(var + 0.5).
The transformations selected for analysis are highlighted.

sqrt(gn)
asinh(gn)
ln(gn+0.5)
gn
sqrt(sc)
asinh(sc)
ln(sc+0.5)
sc
sqrt(Li)
asinh(Li)
ln(Li+0.5)
Li
sqrt(ch)
asinh(ch)
ln(ch+0.5)
ch
sqrt(dg)
asinh(dg)
ln(dg+0.5)
dg
sqrt(bs)
asinh(bs)
ln(bs+0.5)
bs

Descriptive Statistics (n = 31)
Max.
Var.
Std.Dev. Skewness Kurtosis

Mean

Min.

3.94142
3.23861
2.58054
18.49118
2.94204
2.51988
1.92110
12.39853
4.58092
3.66250
2.99828
22.40000
6.48832
4.31150
3.63597
46.23824
1.33349
1.31541
0.69656
3.18824
5.50403
3.87526
3.20615
36.14890

0.000000
0.000000
-0.693147
0.000000
1.000000
0.881374
0.405465
1.000000
1.732051
1.818446
1.252763
3.000000
2.236068
2.312438
1.704748
5.000000
0.000000
0.000000
-0.693147
0.000000
0.000000
0.000000
-0.693147
0.000000

8.54400
4.98365
4.29729
73.00000
8.54400
4.98365
4.29729
73.00000
6.78233
4.52191
3.83945
46.00000
9.11043
5.11202
4.42485
83.00000
4.47214
3.68950
3.02042
20.00000
9.34880
5.16368
4.47620
87.40000

3.0459
1.1438
1.1260
217.7075
3.8564
1.3473
1.2020
298.5298
1.4581
0.3371
0.3146
122.8618
4.2654
0.5668
0.5432
632.2649
1.4528
1.3457
1.4043
17.3750
6.0320
1.1934
1.1657
762.4220
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1.74526
1.06946
1.06114
14.75491
1.96377
1.16075
1.09637
17.27801
1.20751
0.58060
0.56093
11.08431
2.06528
0.75288
0.73704
25.14488
1.20531
1.16004
1.18503
4.16833
2.45601
1.09244
1.07966
27.61199

0.04065
-1.58486
-1.67724
1.78142
1.44253
0.47277
0.54420
2.23086
-0.08332
-0.93263
-0.86274
0.45514
-0.47409
-0.96532
-0.94014
-0.12714
0.44605
0.12862
0.01716
2.33849
-0.01408
-1.36452
-1.42525
0.52029

1.13293
3.48474
3.90073
4.66228
1.42152
-0.50152
-0.42620
4.65116
-0.43539
1.61947
1.36530
-0.65290
-1.07294
0.04994
-0.03312
-1.43283
-0.35526
-1.35129
-1.41323
7.35590
-0.94866
3.36324
3.73237
-1.30724
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